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 THESIS ABSTRACT 
NAME:   SHAIKH FARRUKH SAGHIR 
TITLE: EFFECT OF FREQUENCY ON CRACK 
PROPAGATION IN CPVC AND HDPE AT 
DIFFERENT TEMPERATURES 
DEPARTMENT:  MECHANICAL ENGINEERING 
DATE:   6 JANAURY, 2004 
Since nowadays polymers are being used increasingly for load bearing industrial 
applications, understanding the fatigue process in these materials is very necessary and 
essential.  For application of linear elastic fracture mechanics (LEFM) to polymers, it is 
necessary to recognize potential pitfalls caused by their viscoelastic behavior, i.e. stress-
strain dependence on time (or frequency) and temperature. Due to their viscoelastic 
nature, the fatigue crack propagation (FCP) behavior of most polymers is sensitive to test 
variables such as cyclic frequency and temperature. In this study, Fatigue crack 
propagation in Cholorinated polyvinyl chloride (CPVC) pipefittings and high density 
polyethylene (HDPE) pipes are investigated over the frequency and temperature ranges 
of 0.1-10Hz and –10-70oC, respectively. Monotonic tests are also performed on both 
materials for different temperatures, and their result shows decrease in yield stress with 
increase in temperature.  
FCP tests were conducted on single edged notched specimens (SEN), prepared 
from CPVC pipefittings and HDPE pipes. A servo controlled electro hydraulic materials 
testing system was used for the fatigue testing. Crack growth was monitored optically by 
using the long distance traveling microscope with video camera system. The crack 
growth rate (da/dN) and stress intensity factor (∆K) gave satisfactory correlation at all 
temperatures and frequencies. The fatigue crack growth resistance was found to increase 
with increasing frequency, and decrease with increasing temperature. Crazing was found 
to be the dominant fatigue mechanism, especially at (50o C and 70o C), while shear 
yielding was the dominant mechanism at (-10o, 0o and 23o C). The da/dN-∆K master 
curves for CPVC and HDPE were developed for different frequencies based on the 
modified mechanical properties at different temperatures. Microscopic examination of the 
fracture surfaces is also performed. Comparison of the fatigue surfaces obtained at 
different temperatures and frequencies gives useful information on the fatigue fracture 
mechanisms operative at these temperatures and frequencies. 
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ﻓﺎن ﻓﻬﻢ ﻋﻤﻠﻴﺔ اﻟﺤﻤﻞ اﻟﻤﺘﺬﺏﺬب ﻓﻲ هﺬﻩ اﻟﻤﻮاد اﻣﺮ , ﻣﻊ اﻟﺘﺰاﻳﺪ ﻓﻲ اﺳﺘﺨﺪام اﻟﺒﻮﻟﻴﻤﻴﺮات ﻓﻲ ﻣﺠﺎل ﺗﺤﻤﻞ اﻹﺟﻬﺎدات ﻓﻲ اﻟﺼﻨﺎﻋﺔ 
ﻓﺈﻥﻪ ﻣﻦ اﻟﻀﺮوري ﻓﻬﻢ اﻟﻤﺸﺎآﻞ اﻟﺘﻲ ﺗﻨﺸﺄ ﺏﺴﺒﺐ  ,  (MFEL)ن ﻟﻠﺒﻮﻟﻤﻴﺮات ﻣﻦ ﻥﺎﺡﻴﺔ ﺗﻄﺒﻴﻘﺎت ﻣﻴﻜﺎﻥﻴﻜﺎ اﻟﻜﺴﺮ اﻟﺨﻄﻲ اﻟﻤﺮ . هﺎم وﺿﺮوري 
ﺏﺴﺒﺐ اﻟﻄﺒﻴﻌﺔ اﻟﻠﺰﺟﺔ . او اﻟﺘﺮدد أو درﺟﺔ اﻟﺤﺮارة , اﻹﻥﻔﻌﺎل ﻣﻊ ﺗﻐﻴﺮ اﻟﺰﻣﻦ -اﻟﺬي ﻳﻌﺮف ﺏﺄﻥﻪ ﻣﻨﺤﻨﻲ اﻻﺟﻬﺎد , اﻟﺴﻠﻮك اﻟﻠﺰج اﻟﻤﺮن ﻟﻠﻤﺎدة 
ن ﺡﺴﺎس ﺟﺪا ﻟﻤﺘﻐﻴﺮات اﻟﻔﺤﺺ ﻣﺜﻞ اﻟﺘﺮدد اﻟﺪوري و درﺟﺔ  ﻟﻤﻌﻈﻢ اﻟﺒﻮﻟﻤﻴﺮات ﻳﻜﻮ (PCF)ﻓﺎن ﺗﻘﺪم ﺗﺸﻘﻖ اﻟﺘﻌﺐ , اﻟﻤﺮﻥﺔ ﻟﻠﺒﻮﻟﻴﻤﺮات 
 (HEPD) وأﻥﺎﺏﻴﺐ اﻟﺒﻮﻟﻲ إﺙﻴﻠﻴﻦ (CVPC)ﺳﻴﺘﻢ ﻓﺤﺺ ﺗﻘﺪم ﺗﺸﻘﻖ اﻟﺘﻌﺒﻲ وﺹﻼت اﻟﻜﻠﻮراﻳﺪ اﻟﺒﻮﻟﻲ ﻓﻴﻨﻴﻞ اﻟﻤﻜﻠﻮر , ﻓﻲ هﺬﻩ اﻟﺪراﺳﺔ . اﻟﺤﺮارة
 أﻳﻀﺎ أﺟﺮﻳﺖ ﻋﺪة ﻓﺤﻮﺹﺎت ﻋﻠﻰ آﻼ . درﺟﺔ ﺡﺮارة ﻣﺌﻮﻳﺔ 07-01هﺮﺗﺰ و 01-1.0ﻋﺎﻟﻴﺔ اﻟﻜﺜﺎﻓﺔ ﺿﻤﻦ ﻣﺠﺎل اﻟﺘﺮدد ودرﺟﺔ اﻟﺤﺮارة ﻣﻦ 
 . و اﻟﻨﺘﺎﺉﺞ أﻇﻬﺮت ﺗﻨﺎﻗﺺ ﻓﻲ إﺟﻬﺎد اﻟﺨﻀﻮع ﻣﻊ إزدﻳﺎد اﻟﺤﺮارة, اﻟﻤﺎدﺗﻴﻦ ﻟﻌﺪة درﺟﺎت ﺡﺮارة
اﻳﻀﺎ . (EPDH) وأﻥﺎﺏﻴﺐ (CVPC) ﺡﻀﺮت ﻣﻦ وﺹﻼت (MES) ﻋﻠﻰ ﺡﺎﻓﺔ  ﻋﻴﻨﺔ ﻣﺤﺰزة (PCF)آﻤﺎأﺟﺮﻳﺖ ﻓﺤﻮﺹﺎت 
ﻣﺨﺼﺺ ﻟﻔﺤﺺ اﻟﺘﻌﺐ و ﺗﻤﺖ ﻣﺮاﻗﺒﺔ ﻥﻤﻮ اﻟﺘﺸﻘﻖ ﺏﺼﺮﻳﺎ ﺏﺎﺳﺘﺨﺪام ﻣﻜﺒﺮ ذو إﺳﺘﺨﺪﻣﺖ أﻟﺔ ﻓﺤﺺ آﻬﺮﺏﺎﺉﻴﺔ هﻴﺪروﻟﻴﻜﻴﺔ ذات ﺗﺤﻜﻢ  ﺳﻴﺮﻓﻮ 
أﻋﻄﻴﺎ ﻥﺘﺎﺉﺞ ﻣﺘﻮاﻓﻘﺔ ﻋﻨﺪ آﻞ درﺟﺎت  ∆-Nd/ad( K)ﺎﻣﻞ آﺜﺎﻓﺔ اﻹﺟﻬﺎد  ﻋﻣﻌﺪل ﻥﻤﻮ اﻟﺘﺸﻘﻖ و. اﻥﺰﻳﺎح ﻣﺴﺎﻓﺎت ﻃﻮﻳﻠﺔ ﻣﻊ اﻟﺔ ﺗﺼﻮﻳﺮ ﻓﻴﺪﻳﻮ 
وﻗﺪ ﻇﻬﺮ أن . ﺏﺎزدﻳﺎد اﻟﺘﺮدد وﺗﺘﻨﺎﻗﺺ ﺏﺎزدﻳﺎد درﺟﺔ اﻟﺤﺮارة ﻓﻲ هﺬة اﻟﺪراﺳﺔ وﺟﺪ  ان  ﻣﻘﺎوﻣﺔ ﻥﻤﻮ ﺗﺸﻘﻖ اﻟﺘﻌﺐ ﺗﺰداد . اﻟﺤﺮارة واﻟﺘﺮددات 
. درﺟﺔ ﻣﺌﻮﻳﺔ ( 32 و 01-)ﺏﻴﻨﻤﺎ ﺥﻀﻮع اﻟﻘﺺ آﺎن هﻮ اﻟﺴﺎﺉﺪ ﻋﻨﺪ , درﺟﺔ ﻣﺜﻮﻳﺔ  ( 07 و 05) ﺥﺎﺹﺔ ﻋﻨﺪ , اﻟﻠﺪاﻥﺔ هﻲ اﻟﻴﺔ اﻟﺘﻌﺐ اﻟﺴﺎﺉﺪة 
اص ﻣﻴﻜﺎﻥﻴﻜﻴﺔ ﻣﺘﻐﻴﺮة ﻋﻨﺪ درﺟﺎت ﻃﻮر ﻣﻦ أﺟﻞ ﺗﺮددات ﻣﺨﺘﻠﻔﺔ ﺏﺎﻹﻋﺘﻤﺎد ﻋﻠﻰ ﺥﻮ ( EPDH) و ( CVPC)ل   K∆-Nd/adﻣﻨﺤﻨﻰ ال 
آﻤﺎ أﺟﺮﻳﺖ ﻓﺤﻮﺹﺎت ﻣﺠﻬﺮﻳﺔ وﺗﻤﺖ ﻣﻘﺎرﻥﺔ ﺳﻄﺢ اﻟﺘﻌﺐ اﻟﺬي ﺡﺼﻠﻨﺎ ﻋﻠﻴﻪ ﻋﻨﺪ درﺟﺎت ﺡﺮارة وﺗﺮددات ﻣﺨﺘﻠﻔﺔ وأﻋﻄﺖ . ﺡﺮارة ﻣﺨﺘﻠﻔﺔ 
 .ﻣﻌﻠﻮﻣﺎت ﻣﻔﻴﺪة ﻋﻦ اﻟﻴﺔ آﺴﺮ اﻟﺘﻌﺐ ﻋﻨﺪ ﺗﻠﻚ اﻟﺪرﺟﺎت واﻟﺘﺮددات 
 
 
 هﺬﻩ اﻟﺪراﺳﺔ اﻋﺪت ﻟﻨﻴﻞ درﺟﺔ اﻟﻤﺎﺟﺴﺘﻴﺮ ﻓﻲ اﻟﻌﻠﻮم
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CHAPTER 1 
INTRODUCTION 
1.1 Polymers 
A polymer is a material whose molecules contain a very large number of atoms 
linked by covalent bonds, these molecules are in the form of long and flexible chains. 
Polymers consist mainly of identical or similar units joined together. The unit forming the 
repetitive pattern is called a "mer" or "monomer" (figure 1.1). Usually the biggest 
differences in polymer properties result from how the atoms and chains are linked 
together in space. Polymers that have a 1-D structure will have different properties than 
those that have either a 2-D or 3-D structure. There is a temperature, or range of 
temperatures, below which an amorphous polymer is in a glassy state and above which it 
is rubbery. This temperature is called the glass transition temperature, Tg, and it 
characterizes the amorphous phase. It is especially useful since all polymers are 
amorphous to some degree, they all have a Tg [1]. 
Polymers are a very important class of materials. Polymers occur naturally in the 
form of proteins, cellulose (plants), starch (food) and natural rubber. Engineering 
polymers, however, are usually synthetic polymers. The field of synthetic polymers or 
plastics is currently one of the fastest growing materials industries. The interest in 
engineering polymers is driven by their manufacturability, recyclability, mechanical 
1 
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Figure 1.1  Mer or “Monomer”. 
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properties, and lower cost as compared to many alloys and ceramics. Also the 
macromolecular structure of synthetic polymers provides good biocompatibility and 
allows them to perform many biomimetic tasks that cannot be performed by other 
synthetic materials, which include drug delivery, use as grafts for arteries and veins and 
use in artificial tendons, ligaments and joints. 
1.2 Chlorinated Polyvinyl Chloride (CPVC) 
One of the important polymer Chlorinated Polyvinyl Chloride (CPVC) is 
produced by post chlorination of Polyvinyl chloride (PVC). It has been used in a variety 
of applications in a number of Industries. The objective of adding more chlorine to a PVC 
molecule is to raise the glass transition temperature (Tg) of the base resin from 95o C to 
the 115-135 o C range. Chlorine also improves physical and mechanical properties of 
PVC [2]. The effect of chlorine addition on some physical and mechanical properties is 
shown in Table 1.1. Data for PVC is provided for comparison. 
PVC belongs to the family of vinyl polymers (polymers made from vinyl 
monomers; that is small molecules containing carbon-carbon double bonds) and is 
produced by addition polymerization process. After the completion of the process, more 
chlorine is introduced into the bulk material. The chlorination of PVC is a free radical 
process, catalyzed by heat, ultraviolet radiation and radical initiators. Chlorine molecule 
Cl2 splits into two free radicals {Cl-} under the application of energy. One free radical 
joins the PVC monomer by replacing one H atom to form CPVC. The other free radical 
combines with H atom to form HCl [3]. All the monomers in the PVC chain are not 
chlorinated, usually every fifth or sixth monomer is chlorinated. This done by controlling 
the quantity of chlorine.  
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Table 1.1  Physical and Mechanical properties of CPVC and PVC. 
 
CPVC PVC Property 
 
(@ 23 oC) Irfan 
[8] 
Data from 
Supplier 
Data from 
Supplier 
Yield Stress (MPa) 52 55 48 
Elastic Modulus(GPa) 2.80 2.50 2.75 
Poisson’s Ratio - 0.27 0.38 
Compressive Strength (MPa) - 70 66 
Flexural Strength (MPa) - 104 88 
Impact Strength (ft-lbf/in) - 1.50 0.65 
Max. Operating Temp. (oC) - 93 60 
Glass Transition Temp. (oC) - 115-135 90 
Specific Gravity 1.55 1.55 1.42 
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This is also desirable because high chlorine content deteriorates the mechanical 
properties of the product by making it brittle. For optimum results, Chlorine is kept up to 
56.5% by weight. 
CPVC offers a blend of corrosion resistance, mechanical strength and low 
installation cost for diverse applications including pulp and paper, metal treating, 
fertilizer production, ore benefaction, pollution control and wastewater treatment. 
Traditional applications of CPVC compound are hot and cold water distribution piping 
and fittings, as well as industrial pipe fittings and valves that can handle liquid chemicals. 
CPVC pipes can withstand pressures up to 1.40 MPa as compared to 0.95 MPa for PVC 
at 50o C [2,4]. New technology has allowed the extrusion of CPVC into window glazing 
beads, cooling tower fill, automotive interior parts, waste-disposal devices, business 
machines covers, telecommunication equipment and appliance parts. A recent 
development is specialized CPVC pipe and fitting compounds for fire-sprinkler systems. 
Major Applications of CPVC require service at non-ambient conditions. Thus, the 
investigation of temperature and frequency effects on the mechanical behavior of CPVC 
is very essential.   
1.3 Polyethylene 
High density polyethylene is produced by polymerization of ethylene in presence 
of Ziegler or Mettalocene catalyst under controlled temperature and pressure. The 
polyethylene molecule is based on a long chain of carbon atoms as shown in figure 1.2. 
Each ethylene molecule, as it adds on, contributes two more carbon atoms to the chain.  
Under the conditions of high pressure, the ethylene molecules did not add on in a regular 
fashion, and so put short branches in the chain, as shown in figure 1.3 [5].  
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Figure 1.2  Long chain of atoms in polyethylene molecule. 
 
 
 
Figure 1.3  Branched chains of atoms in polyethylene molecule. 
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The HDPE pipes [6] has the following Mechanical and Thermal properties, 
• Melt Flow ASTM D1238, 5 to 18 gm /10 min.  
• Melting Temperature Tm, 130 to 137o C.  
• Glass Transition Tg, -30o C.  
• Processing Temperature Range, 174.90 to 257.40o C for injection molding, 174.9 
to 275.15o C for extrusion. 
• Molding Pressure Range, 82.73 to 103.42 MPa.   
• Compression Ratio, 2.  
• Tensile Strength at Break, ASTM D638, 22.06 to 31.02 MPa.  
• Elongation at break (%), ASTM D638, 10 to 1200 %. 
• Tensile Yield Strength, ASTM D638, 26.20 to 33.09 MPa.  
• Compressive Strength, ASTM D695, 18.61 to 24.82 MPa. 
• Tensile Modulus, ASTM D638, 1068.68to 1089.37 MPa. 
HDPE’s pipes are inert to most organic and inorganic chemicals effluents, and 
have very good corrosion resistance. They are very durable and have a lifetime in the 
ranges of 50 years in normal working conditions. They are lightweight, hence their 
handling is easy and convenient and results in saving of transportation cost. Their 
flexibility makes laying of these pipes easy even on uneven surfaces. HDPE’s pipes are 
tough and durable. They are resilient to withstand static and dynamic loads due to 
internal and external pressures. These pipes have smooth internal surfaces which ensure 
very low frictional losses resulting in energy saving up to 33%. HDPE’s pipes are 
economical by almost 40% when compared with metal pipes, and marginally costlier 
than PVC. 
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Major Applications of HDPE require service at different loading and non-ambient 
conditions. Thus, the investigation of temperature and frequency effects on the 
mechanical behavior of HDPE is very essential.   
1.4 Monotonic Properties of Polymers 
The monotonic properties of any material are very important from the design 
point of view. The discussion of monotonic properties of polymers often contains two 
interrelated objectives. The first of these is to obtain an adequate macroscopic description 
of a particular facet of the polymer under consideration. The second objective is to seek 
an explanation of this behavior in molecular terms, which may include details of the 
chemical composition and physical structures. The present aims to establish a satisfactory 
macroscopic or phenomenological description of monotonic behavior involving the 
molecular interpretations. 
In case of plastics, the monotonic properties might show large variation for small 
changes in environment and loading conditions. A plastic showing brittle behavior at 
room temperature may have elongation up to 300% just above the room temperature. 
Similarly another plastic specimen which shows considerable yielding at room 
temperature might behave brittle just below room temperature. Plastics fall in the 
category of viscoelastic materials (stress-strain dependence on time and temperature). 
These show time dependent mechanical behaviors such as creep and stress relaxation. 
The monotonic behavior also very much depends upon the material characteristics such 
as molecular weight, heat treatment, blending and additives like plasticizers and 
pigments. 
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The monotonic properties of most of the polymers are depend on the environment 
conditions, rate of application of load, amount of strain etc. A polymer can show all the 
features of a glassy brittle solid, an elastic rubber, or a viscous liquid depending upon the 
temperature. Many researchers have noted significant temperature dependence of 
mechanical properties of various polymers like PMMA, cellulose acetate, PVC, CPVC 
etc. The degree of dependence is related to the structure and crystallinity of the polymer. 
Due to the dependence of mechanical properties on a large variety of parameters, 
it is difficult for the designer to select a certain material without knowing all these 
parameters. The mechanical properties like yield strength and elastic modulus are usually 
given as a range for plastics rather than a singular value. Thus, the accurate determination 
of mechanical properties of polymers with respect to environmental and material 
variables is of significant importance. 
1.5 Fatigue in Polymers 
Fatigue is a form of failure that occurs in structures subjected to dynamic and 
fluctuating stress. Under these circumstances it is possible for failure to occur at a stress 
level considerably lower than the tensile or yield stress for a static load. The process 
occurs by the initiation and propagation of cracks, and ordinarily the fracture surface is 
perpendicular to the direction of an applied tensile stress. 
There are basically two approaches to evaluate fatigue behavior of a given 
material: 
• Total life approach: This approach to fatigue design involve the characterization 
of total fatigue life to failure under controlled cyclic stress range (the S-N curve 
approach) or under controlled cyclic strain range (plastic or total). 
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• Defect tolerant approach: It entails presence of flaws in the material. The size of 
a preexisting flaw is generally determined from nondestructive flaw detection 
technique. The useful fatigue life is then defined as the number of fatigue cycles 
or time taken to propagate a dominant crack from this size to some critical 
dimension. 
The fatigue properties of a material can be determined from laboratory simulation 
tests. The specimen is subjected to a series of tests involving stress cycling at relatively 
large maximum stress amplitude, usually of the order of two thirds of the static tensile 
strength, the number of cycles to failure is counted. This procedure is repeated on a 
number of specimens at progressively decreasing maximum stress amplitudes. Data are 
plotted as stress versus the logarithm of the number of cycles to failure for each of the 
specimens. The values of stress are normally taken as stress amplitudes. The higher the 
magnitude of the stress, the smaller the number of cycles the material is capable of 
sustaining before failure. 
The process of fatigue failure is characterized by three distinct steps; Crack 
initiation, wherein a small crack forms at some point of high stress concentration; Crack 
propagation, during which this crack advances incrementally with each stress cycle; Final 
failure, it does not contribute to the total fatigue life as it concludes in fraction of seconds. 
In spite of the need to understand fatigue in polymers, the sate of the art is not 
nearly as well advance as in the case of metals. The understanding of fatigue in polymers 
has been hindered by three major problems. First, the continuum mechanical approach to 
fracture does not itself described the atomic and molecular process. Second, the ultimate 
phenomenon of fracture, involves gross, irreversible and non-linear deformation related 
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to effects of molecular properties and polymer composition. Third, the precise nature of 
the competitive processes that are balanced out in fatigue and that gives rise to the 
especially damaging effect of intermittent loading is not precisely known. Thus three 
fundamentally different views of matter confront each other and require correlation and 
reconciliation [7]. 
Fatigue crack propagation (FCP) in polymers is affected by the environment and 
material irregularities. The use of polymers in non ambient conditions such as 
transportation systems for hot gas and fluids, liquid storage tanks, automobile engine 
parts has forced the designer to include the non ambient FCP behavior of polymers in 
design of components. One of the important tasks in the study of fatigue crack 
propagation is to achieve a satisfactory definition of crack growth resistance and then to 
correlate it with the macroscopic properties and morphological features of the material. 
1.6 Present Study 
The objectives of the present study are to investigate the effect of frequency on 
the fatigue crack growth properties of CPVC and HDPE at different temperatures. The 
effect of temperature on monotonic properties is also studied and is used to explain the 
fatigue crack growth at different temperatures. The frequencies and temperatures used in 
study are 0.1,1 and 10 Hz and -10, 0, 23, 50 and 70o C. 
The report is divided in six chapters. Chapter 1 gives introduction to the study 
which include basic information regarding polymers, CPVC, HDPE and mechanical 
properties of polymers. Chapter 2 describes the literature review that covers previous 
work done by researchers on monotonic and fatigue crack propagation in polymers. The 
experimental procedure adopted for specimen preparation and testing along with the 
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details of testing apparatus and results are provided in chapter 3. The results for 
monotonic tests performed on CPVC and HDPE are discussed in chapter 4, while chapter 
5 contains the discussion of fatigue crack propagation test results. Finally, conclusions 
drawn from this study and recommendations for future work are given in chapter 6. 
 
  
CHAPTER 2 
LITERATURE REVIEW 
This chapter describes the literature review which covers relevant previous and 
ongoing work done by different researchers on the monotonic and fatigue crack growth 
characteristics of polymers. First, the literature review regarding the effect of temperature 
on monotonic properties of polymers is presented in section 2.1. Then the effect of 
temperature and frequency on the fatigue crack propagation characteristics of polymers is 
discussed in section 2.2. At the end of the chapter the summary of the literature review 
and status of the present problem is discussed. 
2.1 Monotonic Properties 
The polymer chain length and its distribution, environmental conditions, rate of 
application of load, amount of strain are important molecular parameters in controlling 
the physical, mechanical and processing characteristics of polymers. Depending on 
molecular weight (MW) and its distribution (MWD), polymers can exist under a variety 
of formulations, each one with tailored properties for specific applications. The influence 
of MW and MWD on monotonic properties is clearly shown in Figure 2.1 [9]. 
Monotonic properties of polymers are discussed in terms of moduli. These are the 
proportionality constants between stress and strain, and represent the initial slope of the
13 
14 
  
 
 
 
 
 
 
 
 
Figure 2.1  Effect of Molecular weight on the monotonic properties of polymers 
[9]. 
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curves in figure 2.2 which illustrates the different modes of polymer failure. Not all 
polymers have all these failure modes, but most have two depending on temperature. It is 
also important to note that some polymers may have different failure modes for different 
modes of deformation. In general, all polymers at temperature significantly below their 
glass transition temperatures (Tg –T >100° C), undergo brittle fracture. In the region 
above the brittle fracture regime, but below Tg, polymers usually yield and undergo 
plastic deformation as the modulus decreases. This is illustrated in the hump that occurs 
in the stress-strain curves as shown in the figure 2.2. After a sufficient amount of strain 
the polymers chains begin to align in the strain direction and the modulus increases until 
the plastically deformed sample eventually breaks. 
Deformation after the yield point may have various forms depending on the 
structure, mechanical and thermal history of the sample, such as shear yielding and cold 
drawing as depicted in figure 2.2. At an intermediate temperature between the brittle 
fracture and plastic deformation regimes many polymers undergo a non-catastrophic 
failure called crazing. Crazes may be observed visually as the whitening of the polymer, 
which occurs under stress. This whitening is caused by multiple reflections of light from 
polymer/void interfaces in the crazes. Crazes form perpendicular to the applied stress and 
consist of regions of polymer in which an incipient crack is bridged by highly oriented 
material in direction perpendicular to the direction of the crack. A schematic of craze is 
shown in Figure 2.3. 
Thus due to the dependence of mechanical properties on a large variety of 
parameters, it is difficult for the designer to select a certain material without knowing all 
these parameters. The mechanical properties like yield strength and elastic modulus are 
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Figure 2.2  Schematic of some failure modes of polymers [9]. 
 
 
 
Figure 2.3  Schematic of a craze [9]. 
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usually given as a range for plastics. Thus, the accurate determination of mechanical 
properties of polymers with respect to environment and material variables is very 
important. 
2.1.1 Effect of Temperature on Monotonic Properties 
Tordjeman et al [10] have studied the effect of temperature and strain rate on 
plastic and viscous elastic material behavior of PMMA and PMMA based random 
copolymers. Strain rate for the tensile tests on copolymers was 2x10-3s-1, whereas it was 
varied from 5x10-3 to 3x10-1 s-1 for pure PMMA. The temperature range used was from    
-60o C to Tg. Experiments performed below room temperature were less accurate because 
both types of samples become brittle below room temperature. The plastic softening 
amplitude SA was used to correlate the effects of strain rate and temperature on the stress 
strain behavior of the material. Their results are in accordance with the famous equation 
of Williams- Landel- Ferry WLF theory, i.e. an increase in strain rate is qualitatively 
equivalent to a decrease of temperature at fixed strain rate. 
Bronnikov et al [11] investigated the thermal and mechanical properties of drawn 
polymers over a wide temperature range. They used Polyethylene tetrapythalte (PET), 
nylon 6, and nylon 610 for analysis. They have shown that mechanical properties of 
drawn polymers are directly related to the thermal expansion and have used this approach 
to show the temperature dependence of Young’s modulus and yield stress over a wide 
temperature range. It is seen that Young’s modulus and yield stress decrease with 
temperature increase. 
Povolo et al [12] have studied the stress relaxation of PVC below yield point. The 
temperature dependence of elastic modulus is determined from measured stress-strain 
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curves. It has been shown that the elastic modulus varies linearly with the temperature. A 
relationship is proposed between the tensile modulus and the free volume which helps to 
explain the temperature dependence of the relaxation strength. 
Che et al [13] have used fracture mechanics parameters, J-integral and crack tip 
opening displacement (CTOD) to determine the dependence of crack resistance behavior 
of PVC on specimen dimensions, specimen configuration and test conditions 
(temperature, strain rate) under monotonic loading. The temperature range investigated 
was from -40o C to 60o C. A strong temperature effect is observed. The crack initiation 
values in terms of J-integral show a maximum value at 23o C, while the CTOD values, as 
well as the tearing moduli either in terms of the J-integral or of the CTOD concept, 
increase with increasing temperature. 
Pal et al [14] investigated the mechanical properties of polyvinyl chloride based 
polymer blends intended for medical applications. The study was performed at room 
temperature and indicated that these blends could be investigated further for potential 
applications in medicine. They have proposed an equation for determining the 
mechanical properties. The values calculated are quite close to the experimental values 
for the blend system studied. 
Han and co-workers [15] have analyzed the effect of rubber content and 
temperature on dynamic fracture behavior of ABS materials. The dynamic Young’s 
modulas Ed and yield strength σyd tend to decrease with increasing temperature. 
Hit and Gilbert [16] have studied tensile properties of PVC compounds at elevated 
temperatures. The temperature range used is from room temperature 23o C to 180o C. It 
was found that the relationships between elongation at break and stress at break for a 
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range of PVC compounds were almost independent of compound constituent and strain 
rate. Stress at break decreased steadily with increasing temperature, whereas elongation 
at break revealed a maximum between 80o C and 90o C and a minimum between 130o C 
and 170o C. This behavior is attributed to the presence of network crystallites, which start 
to break down at a temperature of 90o C. Eventually there is sufficient destruction of 
network to enable viscous flow to occur. 
Ye Lin et al [17] have reported effects of strain rate and temperature on fracture 
behavior of Ploy 4-methy-1-pentene (TPX) polymer. They used compact tension (CT) 
and single edge notch bending (SNEB) specimens. The results showed that the fracture 
behavior of TPX polymer was highly dependent on cross head rate and temperature. 
Seitz [18] has developed the use of semi empirical and empirical relationships to 
estimate the mechanical properties of polymeric materials from their molecular structure. 
Based on these relationships properties can be calculated from only five basic molecular 
properties. They are molecular weight, Vander Wall volume, the length and number of 
rotational bonds in the repeat unit, as well as the Tg of the repeat unit. The temperature 
dependence of the properties like Young’s modulus and Poisson’s ratio was also given. 
Merah, N. and Irfan [19] have investigated the effect of temperatures ranging 
from –10 to 70o C on the mechanical properties of CPVC. They found that the yield 
strength and elastic modulus decrease linearly with temperature. Brittle fracture occurred 
at temperatures below room temperature while ductile fracture occurred at room 
temperature and temperatures above it. They observed the maximum elongation at break 
at 70o C while the minimum at -10o C. They also found considerable necking at 50o C and 
70o C. 
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2.2 Fatigue Crack Propagation 
2.2.1 Background 
A schematic diagram showing the variation of load or stress with time is given in 
figure 2.4. Different parameters used to characterize the fluctuating stress cycle are also 
indicated in the figure. The stress amplitude alternates about a mean stress σm, defined as  
σm = (σmax + σmin)/2    (2.1) 
 
where σmax and σmin are the maximum and minimum stresses respectively. The stress 
amplitude σa is given as, 
σa = (σmax - σmin)/2    (2.2) 
 
The stress range ∆σ is defined as, 
∆σ = σmax - σmin    (2.3) 
 
The stress ratio R is just the ratio of minimum and maximum stresses  
min
max
σ
σ=R      (  )4.2
2.2.2 Kinetics of Fatigue Crack Propagation 
The kinetics of fatigue crack propagation can be examined by simply measuring 
the change in crack length as a function of the total number of cycles. The fatigue crack 
growth rate per cycle (da/dN) is determined from the a-N curve at any value of the crack 
length by graphical procedures or by computation. For most specimen configurations, the 
crack growth rate increases with increasing crack length, thereby shortening the 
component life. The crack growth rate is also a function of stress level applied, 
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Figure 2.4  Variation of stress with time that accounts for fatigue failure. 
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da/dN ∝ f (∆σ, a) 
 
Numerous relations have been proposed to describe the fatigue crack growth 
(FCG) behavior of metallic and polymeric solids, based on empirical formulations and 
fracture mechanics principles. The most widely used and most general relationship was 
given by Paris and Erdogan [20]. Paris postulated that the stress intensity factor itself, a 
function of stress and crack length is a controlling factor in fatigue crack propagation 
process. This suggestion is totally consistent with the fact that the stress intensity factor 
controls the static fracture and environmental assisted cracking as well. The growth rate 
(da/dN)ai,j,….n at any arbitrary crack length ai,j,..….n would correspond to respective values 
of Ki,j,..….n for same fixed stress level. The key stress variable is the stress range (σmax – 
σmin) and so da/dN values are described in terms of stress intensity factor range ∆K with a 
relationship of the form  
mKA
dN
da ∆=      (2.5) 
 
where da/dN is the fatigue crack growth rate, ∆K the stress intensity factor range; ∆K = 
Kmax – Kmin, and A and m are constants depending on the material variables, environment, 
frequency of loading, test temperature and stress ratio. 
The log-log plot of da/dN versus ∆K is a sigmoidal curve containing three distinct 
regions. At intermediate ∆K values, the curve is linear, but the crack growth deviates 
from the linear trend at high and low ∆K levels. In the former case, the crack growth 
accelerates as Kmax approaches Kcrit, the fracture toughness of the material. At the other 
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extreme, da/dN approaches zero at a threshold ∆Kth. The linear region of the log-log plot 
is usually described by equation 2.5. 
In mode I loading principal load is applied normal to the crack plane and tends to 
open the crack. The mode I loading is shown in figure 2.5. The range of stress intensity 
factor in mode I loading is often denoted as ∆KI. For simplicity ∆KI will be written as ∆K 
throughout the text as only one mode of loading is dealt with here. The general 
expression for ∆K is  
aYK πσ∆=∆     (2.6) 
 
Where ∆σ is the applied stress or stress range, a is the crack length and Y is a geometry 
correction factor. 
For a single edge notch (SEN) tensile plate specimen Y is given as: 
Y(a/w) = 1.12 - 0.231(a/w) + 10.55(a/w)2 – 21.72(a/w)3 + 30.95(a/w)4 (2.7) 
 
Where w is the width of the specimen. This relation is valid for (a/w) ≤ 0.60. 
2.2.3 Different Equations for Fatigue Crack Propagation 
Following are empirical fatigue crack growth Equations formulated by different 
researchers for different regions in a typical da/dN vs. ∆K curve, some of them also 
include the effect of R value used in the experimentation. 
(a) Forman (1967), proposed a relationship which is valid for regions I, II in a typical 
da/dN vs. ∆K curve, 
( ) KKR
KC
dN
da
crit
m
∆−−
∆=
1
or 
1
max
1
−
∆=
−
K
K
KC
dN
da
crit
m
   (2.8) 
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(b) Weertman’s (1966), equation incorporates regions II, III in a typical da/dN vs. ∆K 
curve, 
2
max
2
4
KK
KC
dN
da
crit −
∆=       (2.9) 
(c ) Klesnil and Lukas (1972), proposed a da/dN vs. ∆K equation which applies for 
regions I, II in a typical da/dN vs. ∆K curve, 
)( mth
m KKC
dN
da ∆−∆=      (2.10) 
(d) Donahue (1972), proposed a relationship which is valid for regions I, II in a typical 
da/dN vs. ∆K curve, 
m
thKKCdN
da )( ∆−∆=       (2.11) 
(e) Priddle’s (1980), equation incorporates valid for regions I,II and III in a typical da/dN 
vs. ∆K curve, 
m
crit
th
KK
KKC
dN
da




−
∆−∆=
max
     (2.12) 
(f) McEvily (1988), proposed a da/dN vs. ∆K equation which applies for regions I, II in a 
typical da/dN vs. ∆K curve, 
( ) 


−
∆+∆−∆=
max
2 1
KK
KKKC
dN
da
crit
th    (2.13) 
 
Here C, m and Kcrit are material constants. ∆Kth depends on material and R value. All 
these equations are valid for constant amplitude loading and in LEFM domain only. In 
our experimental program, we have done testing at a stress ratio of 0.2(no R value effect) 
and we are interested in the Paris region only hence we will be using equation 2.5 for our 
analysis purpose. 
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2.2.4 Crack Tip Plasticity 
Linear elastic stress analysis of sharp cracks predicts infinite stresses at the crack 
tip. In real materials, however, stresses at the crack tip are finite because the crack tip 
radius must be finite. Inelastic material deformation such as plasticity in metals and 
crazing in polymers, lead to further relaxation of crack tip stresses. 
The elastic analysis becomes increasingly inaccurate as the inelastic region at the 
crack tip grows. Some corrections to the linear elastic fracture mechanics are available 
when moderate crack tip yielding occurs. The Dugdale [21] or strip yield model is 
usually applied to determine the crack tip plasticity in polymers because it closely 
resembles the plastic zone shape observed in polymers. Figure 2.6 shows the strip yield 
model. The Dugdale plastic zone size is given by  
2
ys
K
8
πρ 


= σ      (2.14) 
 
where ρ is the plastic zone length, K is the stress intensity factor and σys is the yield 
stress. This relation is valid for σ <<< σys and ρ <<< a. 
2.2.5 Crack Closure 
When a specimen is cyclically loaded between Kmax and Kmin the crack faces may 
be in contact for a certain portion of the cycle. This phenomenon is called crack closure 
as it does not contribute to the crack opening. Crack closure might be induced by 
plasticity, viscous fluid between the crack faces, crack face roughness or it can be 
transformation or oxide induced closure. Plasticity-induced closure results from residual 
stresses in the plastic wake. The residual stretch in the plastic wake causes the crack faces  
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Figure 2.6  Schematic diagram for the strip yield model. 
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to close at a positive remote stress. Elber [22] postulated that crack closure decreased the 
fatigue crack growth rate by reducing the effective stress intensity range. The effective 
stress intensity range is defined (see figure 2.7) as  
∆Keff = Kmax - Kop    (2.15) 
 
where Kop is the stress intensity factor at which the crack opens. The effective stress 
intensity ratio U is given as; 
∆K
∆KU eff=      (2.16) 
 
The stress intensity for crack closure is not a material constant but depends upon a 
number of factors. Elber measured the closure stress intensity in aluminum alloys and 
obtained the following simple empirical relationship. 
U = 0.50 + 0.40R    (2.17) 
 
2.2.6 Modified Paris Erdogan Equation 
The Paris-Erdogan law (equation 2.7) is modified to include the plastic zone and 
crack closure effects. The modified Paris-Erdogan power law is given as; 
m
effKAdN
da ∆=      (2.18) 
 
where  







 +



 ++=∆
w
]
σ
K[
8
πa
f]
σ
K[
8
πaπ0.4R)∆σ(0.50K
2
ys2
ys
eff   (2.19) 
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Figure 2.7  Definition of effective stress intensity range. 
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2.2.7 Factors Affecting Fatigue Crack propagation 
When predictions of crack propagation have to be made, data should be available 
relevant to the conditions prevailing in the service. Such data may be hard to find. 
Fatigue crack propagation is affected by an endless number of parameters, and the 
circumstances during the test will seldom be the same as in service. The influence of the 
environment is the most conspicuous. Tests are usually not performed under controlled 
environmental conditions and part of the scatter in fatigue data may be attributed to this 
fact. 
There is no concurrence of opinion as to the explanation of the influence of the 
environment on the rate of propagation of fatigue cracks. It is likely that different 
explanations will apply to different materials. Among the many factors that affect the 
crack propagation, the following should be taken into consideration for crack growth 
predictions, i.e.; thickness, type of product, heat treatment, cold deformation, 
temperature, manufacturer, batch to batch variations, environment, and frequency [23]. 
The effect of material thickness can be accounted for rather well, because the 
thickness of the component under consideration will be readily known. In sheets there is 
small but systematic effect of thickness on crack propagation. The effects appear to exist 
primarily before the fracture mode transition. Fatigue cracks in sheets always start as a 
tensile-mode crack perpendicular to the sheet surface. When the crack grows the size of 
the plastic zone increases and plane stress can finally develop. This causes the fatigue 
crack to change to single or double shear. Plane stress develops when the size of the 
plastic zone is in the order of the sheet thickness. Therefore, it is conceivable that the 
thickness effect is related to the fracture mode transition [24]. 
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2.2.8 Fatigue Crack Propagation in Engineering Plastics 
Hertzberg [7] reported about a growing number of studies concerning the FCP 
behavior of engineering plastics in his book. According to him, the FCP rates of polymers 
are strongly dependent on the magnitude of the stress intensity factor range, regardless of 
the polymer chemistry and molecular arrangement. Also, the data for amorphous, semi-
crystalline, and rubber modified polymers have close correlations on plot of da/dN vs. 
∆K, which is analogous to plots of data from metal alloys processing various crystal 
structures. Hertzberg [7] also found that plastics will exhibit superior or inferior FCP 
resistance as compared with metal alloys, depending on whether cycling is conducted 
under strain controlled or stress controlled conditions respectively. 
Based on the results reported by Manson [25], Hertzberg [7] reported that 
superior FCP resistance is exhibited by semi crystalline polymers. Koo et al. [26] and 
Meinel & Peterlin [27] have also pointed out that crystalline polymers not only can 
dissipate energy when crystallites are deformed, but they can also apparently reform a 
crystalline structure that is extremely strong. This is further illustrated by Ramirez [28], 
he found that the remarkable superior FCP resistance of amorphous PET was related to 
strain-induced crystallization that took place within the plastic zone ahead of the crack 
tip. From this, Hertzberg [7] concluded that the percent crystallinity increased with 
increasing ∆K level (i.e. increasing plastic zone size). 
According to Hertzberg [7] the greatest change in FCP resistance occurs when the 
molecular weight is modified. For example, Rimnac et al. [29] found a thousand fold 
decrease in FCP rates when the molecular weight (MW) of polyvinyl chloride was 
increased by little more than a factor of three. Similarly different researchers reported 
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major improvements in FCP resistance with increasing MW in the polyacetal, 
polycarbonate, polyethylene, nylon, and poly (methyl methacrylate). Using these 
Hertzberg [7] concluded that cyclic loading tends to disentangle existing molecular 
network, and these disentanglements are easier at low MW, along with positive 
contributions from enhanced orientation hardening with the higher MW species. Mitchel 
et al. [30] developed a theoretical model to show that the strong sensitivity of FCP rates 
to MW and molecular weight distribution is related to the fraction of molecules that can 
form effective entanglements network. According to Mitchel et al. [30] longer chains lead 
to the development of more fracture resistance entanglement networks. 
2.2.9 Polymer FCP Frequency Sensitivity 
Hertzberg [7] reported, one is faced with an interesting challenge when trying to 
explain the effect of test frequency on polymer fatigue performance. Although hysteretic 
heating arguments appear sufficient to explain a diminution of fatigue resistance with 
increasing cyclic frequency in unnotched polymer test samples, the fatigue resistance of 
several polymers in the notched condition is enhanced with increasing cyclic frequency. 
Hertzberg [7] used the results reproduced here in Figure 2.8 (a) to show the effect of 
frequency on FCP of PVC. Similar attenuation of FCP rates with increasing frequency 
has been reported in several other polymeric solids [7, 31, 32, 33, 34]. Other polymers 
such as polycarbonate (PC) and polysulfone (PSF), showed no apparent sensitivity of 
FCP rate to test frequency (figure 2.8 (b)).  
• Frequency Sensitivity at different temperatures 
Hertzberg and Manson [31] found an intriguing correlation between the relative 
FCP frequency sensitivity in polymers and the frequency of movement of main chain 
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Figure 2.8  Effect of test frequency on fatigue crack growth rate, (a) PVC, (b) 
Polycarbonate, (c) impact-modified nylon 66. Crack growth can decrease, increase, or 
remain unchanged with increasing test frequency [7]. 
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segments responsible for generating the β transition phase peak at room temperature. 
Data for several polymers are shown in (figure 2.9), as a function of frequency sensitivity 
factor FSF and frequency. FSF is defined as the multiple by which the FCP rate changes 
per decade change in test frequency, it has a value equal to 1.8 for PVC. Hertzberg [7] 
noted that the greatest frequency sensitivity is found in a material that revealed its β peak 
at a frequency comparable to the fatigue test frequency range. This resonance condition 
suggests the possibility that localized crack tip heating may be responsible for polymer 
FCP frequency sensitivity. According to Hertzberg [7], one may then speculate whether 
other materials that were not FCP frequency sensitive at room temperature might be 
made so at other temperatures, if the necessary segmental motion jump frequency were 
comparable to the fatigue test frequency range. Indeed this has been verified by 
Hertzberg and Manson [32,33] for PS and PSF under low temperature test conditions; 
conversely, the FCP response of PMMA was found to be less frequency sensitive at        
–50o C than at room temperature, which is consistent with above hypothesis. Hertzberg et 
al [35] found that, the overall frequency sensitivity for all the engineering plastics tested 
has been shown to be dependent on T-Tβ (figure.2.10). This latter term represents the 
difference between the test temperature and the temperature corresponding to the β 
damping peak within the appropriate test frequency range. Experiments with PVC have 
confirmed a similar relation for fatigue tests conducted in the vicinity of the glass 
transition temperature Tg. 
Since β peak represents a region of maximum loss of compliance, associated with 
considerable damping and energy dissipation, hysteretic heating should occur along with 
a localized temperature rise. In precracked samples utilized in FCP experiments, the 
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Figure 2.9  Relation between FCP frequency sensitivity and the room temperature 
jump frequency for several polymers [7]. 
 
 
 
Figure 2.10  Frequency sensitivity factor (FSF) relative to normalized β-transition 
temperature T-Tβ [7]. 
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maximum heat rise is restricted to the plastic zone near the crack tip; the bulk of the 
specimen experiences lower cyclic stresses and remains essentially at ambient 
temperatures. When the temperature increases, yielding processes in the vicinity of the 
crack tip are enhanced and lead to an increase in the crack tip radius. A larger radius of 
curvature at the crack tip should result in a lower effective ∆K; fatigue crack growth rates 
should decrease accordingly with increasing test frequency. On the other hand, if the 
amount of specimen heating becomes generalized rather than localized, higher FCP rates 
would be expected at high test frequencies. This special condition was found to exist in 
impact modified nylon 66, a material possessing a high degree of internal damping (fig. 
2.8c). Hertzberg and Manson [36,37] measured temperatures with an infrared microscope 
and thermocouples and found increase in crack tip temperatures along with substantial 
heating throughout the specimen’s unbroken ligament [36,37]. Such major temperature 
rises in the specimen decrease the specimen stiffness and enhance damage accumulation. 
It is seen that the antipodal behavior of rubber-toughened nylon 66 with that of PMMA, 
PVC, or polystyrene reflects a different balance between gross hysteretic  heating (which 
lowers the elastic modulus overall) and localized crack tip heating (which involves crack 
tip blunting). Lang [38] found that materials like PC and PSF, which do not reveal FCP 
rate frequency sensitivity over a large ∆K range at room temperature, exhibited no 
significant localized crack tip heating. 
2.2.10 Effect of Temperature on FCP 
Yeh and Huang [39] investigated the fatigue fracture behavior of the notched 
polyethylene terephthalate (PET) at temperatures from their beta transition temperature to 
their glass transition temperatures. Detailed characterization on the morphology of the 
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notch roots showed that crack tip during crack propagation became dull with increasing 
testing temperature. The failure cycle of these samples increased with increasing 
temperatures until it reached the glass transition temperatures Tg of PET polymers, and 
most of this increase in failure cycle is due to the increased time consumed in the 
initiation period. On the other hand, the initial crack growth rate increases significantly 
and failure cycles of these samples decreased dramatically as the temperature increased 
well above the glass transition temperature. They explained this interesting temperature 
dependence of fatigue behavior by change in the molecular motion of PET polymers.  
Massa and Laurent [40] studied the rapid crack propagation of a medium density 
polyethylene used to extrude pipes for gas distribution for cracked ring specimens and 
charpy specimens, over a wide temperature range of –100o C to 20o C. They found that in 
cracked ring specimens, the fracture toughness KIC gradually and linearly decreases 
between –100o C and –45o C, and above –45o C a transition in the slope occurs, and linear 
fracture mechanics concepts are no more valid, they defined this temperature as transition 
temperature. For charpy specimens they got the same variation of fracture toughness with 
a slightly higher transition temperature equal to -20o C. 
Zhuang and Donoghuue [41] demonstrated how experimental and numerical 
simulation techniques can be successfully integrated to solve the complex crack 
propagation events in the pipelines, as it is not necessary to perform any full scale tests, 
their approach is highly cost effective. They concluded that the toughness almost doubles 
as the temperature rises by 10o C, and consistent with other material trends. Thus, the 
material value of the fracture toughness is greater at higher temperatures. This also 
indicates that the critical pressure increases when operating at higher temperatures. The 
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reason for this is that the ductility of the pipe material is increased when temperature 
increases. These data are fully consistent with charpy data with the transition temperature 
typically in the range 0o C to 10o C. 
Norman and Xici [42] studied the critical temperature for rapid crack propagation 
in 11 polyethylene (PE) 200 mm diameter gas pipes each with different resins. They 
found the plane stress fracture energy (PSFE) in thin charpy impact specimens of the 
resin is correlated with the critical temperature for rapid crack propagation. The higher 
the PSFE, the lower the critical temperature. This result was related to the observation 
that the PSFE decreases as the temperature decreases. 
Martin and Gerberich [43] have examined the temperature effects on fatigue crack 
propagation in Polycarbonate. Fatigue crack growth properties were measured in the 
temperature range of  -173o C to 100o C and were analyzed using the fracture mechanics 
approach. Fatigue behavior was found to be related to the fracture toughness of the 
material. There is a linear relationship between (∆K)da/dN and KIC over the temperature 
range studied. The interrelationship between ∆K, KIC and slope of FCG curve ‘m’ 
allowed crack propagation velocities to be predicted from the fracture toughness data. A 
minimum in both (∆K)da/dN and KIC  is found at -50o C meaning that the material is least 
tough at this temperature. 
Mai and Willium [44] have conducted fatigue tests on polystyrene in air at 
different mean stress conditions over the temperature range -60o C to 60o C using notched 
specimens at a frequency of 0.15Hz. The data was presented on a conventional da/dN 
versus log ∆K plot to determine the Paris power law parameters and how these varied 
with mean stress and temperature. Considerable variations were noted but no useful 
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pattern could be discovered. The data was also analyzed using the continuum mechanics 
of the crack tip based on the Dugdale’s line plastic zone model. It was found that crazing 
occurred giving a sharp change in crack tip stresses which was also reflected in da/dN 
versus ∆K plot. 
Wann et al [45] have studied the fatigue behavior of Poly arylsulfone (PAS) over 
a temperature range of  -175o C to 120o C. Both fatigue crack propagation and fracture 
toughness tests were run. Fracture toughness and fatigue crack growth resistance were 
found to vary similarly with temperature (increase), with minima being observed near      
-50o C. The slope m of da/dN versus ∆K curve varied from 2.60 to 13.20, being minimum 
near -50o C. 
Kasakevich, Moet and Chudnovsky [46] presents a comparative analysis of crack 
propagation in high density polyethylene (HDPE) under fatigue and creep loading 
conditions. Their analysis is focused on the issue of mechanistic similarity between creep 
and fatigue failure in HDPE. Demonstration of such similarity is a crucial step in 
establishing the validity of fatigue as an accelerated laboratory test for long-term field 
failure under creep conditions. The crack layer approach is utilized by the authors as an 
analytical tool for their investigation. 
Kasakevich, Moet and Chudnovsky [47] studied the Fatigue Crack Propagation in 
high density polyethylene (HDPE) and observed that it occurs with an accompanying 
layer of damage ahead of the crack tip. They used the crack layer theory for their 
investigation. They observed that the kinetic behavior of HDPE under fatigue consists of 
three regions: initial acceleration, constant crack speed, and reacceleration to failure. 
They noticed that within the first two regions, crack propagation appears ‘brittle’, while 
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in the third region ‘ductile’ behavior is found. They concluded that two damage 
mechanisms are responsible for HDPE failure: formation of fibrillated voids and yielding. 
Both mechanisms are present throughout the entire lifetime of the crack, but the former 
dominates the ‘brittle’ crack propagation region, while the latter is more prominent in the 
‘ductile’. 
Sehanobish, Chudnovsky and Moet [48] conducted the low stress fatigue crack 
propagation (FCP) experiments on HDPE to understand the phenomenon of brittle 
fatigue crack propagation in this polymer. They found crack propagation in HDPE was 
preceded and surrounded by a layer of damage. They identified three stages of FCP 
kinetics in HDPE each stage is associated with a specific pattern in damaged evolution. 
Sehanobish, Chudnovsky & Moet [49] found that rate of fatigue crack 
propagation (FCP) in high density polyethylene is a nonmonotonic function of the energy 
release rate. They noticed from microscopic observations a single craze-like active zone 
preceding the crack during the initial crack acceleration and crack deceleration is 
associated with a circular active zone, finally ultimate failure occurs by crack 
reacceleration preceded by large scale yielding through an elongated damage zone 
accompanied by large scale deformation. 
Bucknall and Dumpleton [50] have performed the Fatigue crack growth 
measurements on two grades of HDPE of density 940 and 958 kg/m3, and on one 
transparent grade of toughned poly(methyl methacrylate) PMMA and examine the 
relationships between crack growth rate da/dN and stress intensity factor K. They found 
in both grades of HDPE, prolonged cycling is necessary to initiate a crack from a razor 
notch. They conclude that Paris plots of log(da/dN) against log ∆K are linear provided (a) 
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that the loading pattern applied to the specimen remains constant, and (b) that growth has 
taken place for a sufficient period to eliminate the effects of previous loading history. 
Chudnovsky, Sehanobish and Wu [51] have performed the durability analysis of 
HDPE pipes, which involves defect characterization, crack initiation and propagation 
mechanism, and long term performance prediction. They analyzed the initiation and 
propagation mechanisms in HDPE by some accelerated tests and compared with that 
observed in the long-term hydrostatic pressure test. 
Parsons, stepnov, Hiltner and Baer [52] studied the effects of frequency and R-
ratio on the kinetics of stepwise crack propagation in fatigue and creep of HDPE. They 
proposed a model relating crack growth rate to stress intensity factor parameters and 
applied strain rate considering the total crack growth rate to consist of contributions from 
creep and fatigue loading components. The creep contribution in fatigue test was 
calculated from the sinusoidal loading curve and the known dependence of creep crack 
growth on stress intensity factor in HDPE. 
Irfan and Merah [53] have studied the effect of temperature ranging from -10o C 
to 70o C on fatigue crack growth behavior of CPVC. They found that FCG increases with 
temperature increase. Two different fatigue mechanisms were identified to be operative 
in different temperature ranges; at high temperatures (23o C to 70o C) crazing was found 
to be the dominant fatigue mechanism while at low temperature (-10o C to 23o C) shear 
yielding was the dominant fatigue mechanism. The above transition occurs near the room 
temperature. Their results are supported by fractographic analysis. 
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2.2.11 Effect of Frequency on FCP 
Ramsteiner and Armbrust [54] studied the fatigue crack propagation rate in 
PMMA and rubber modified polypropylene for two frequencies 1 and 10 Hz. They found 
slightly higher rate of crack propagation at 1 Hz (for ∆K greater than and equal to 0.6 
MPa√m). They concluded that, at high frequency of loading, material deforms plastically 
and thus the rate of crack propagation is reduced. 
Allard and others [55] tested the edge notched samples of Polypropylene (PP) and 
high density polyethylene (HDPE) containing different mica concentrations in mode I 
tensile loading. In HDPE mica reduces FCP rates resulting in a higher resistance to 
fatigue crack propagation. The effect of test frequency on the unfilled polymers and 10 
percent mica concentrations by weight in both polymers has been studied. They found 
that an increase in the test frequency has no significant effect on FCP rates for both raw 
and mica reinforced PP. Whereas unfilled and mica-filled HDPE show 2.5 to 16 times 
decrease in FCP rates with increasing frequency. 
Hwang and Manson [56] studied the epoxies containing epoxy-terminated 
butadiene acrylonitrile rubber (ETBN) or amino-terminated butadiene acrylonitrile rubber 
(ATBN) in terms of FCP resistance and toughening mechanisms. Rubber incorporation in 
these polymers improves both impact and FCP resistance, but results in slightly lower 
Young’s modulus, as rubber induced shear yielding of the epoxy matrix. They found that 
with increasing cyclic loading frequency there is a decrease in fatigue resistance for both 
neat and rubber-toughened epoxies due to strain rate effects, which results in decreasing 
plastic zone size at the crack tip and consequently result in less FCP resistance. 
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Hertzberg [7] has reported pronounced decrease in FCP rates with increasing test 
frequency for a given ∆K level in PVC and several other polymeric materials. The reason 
for the above is reported to be localized heating at the crack tip, which causes 
temperature increase  which enhanced yielding processes in the vicinity of the crack tip 
and lead to an increase in crack tip radius, and thus results in lower effective ∆K, and 
consequently lower fatigue growth rates. 
Hakeem and Culver [57] studied the fatigue crack propagation in HDPE in terms 
of stress cracking properties. They found dependence of crack growth rate on test 
frequency, amplitude and level of stress intensity factor. They concluded that increase in 
frequency is expected to cause an increase in the resistance to cyclic crack propagation, 
due to the increase in the modulus, yield strength and fracture toughness of the material. 
Parsons, Stepnov, Hiltner and Baer [58] characterized the effects of frequency and 
R-ratio on the kinetics of step-wise crack propagation in fatigue and creep of high density 
polyethylene. They found that at low enough frequency 0.01, a fatigue test might behave 
like a creep test; i.e. fracture is completely controlled by a creep process even though the 
load is cycled, and thus we have to superimpose fatigue and creep components for getting 
total crack growth. 
Bureau M. and Dickson J. [59] studied the fatigue crack propagation behavior of 
polystyrene (PS) and 95/5 PS/HDPE blends at different cyclic frequencies. They found 
an increase in FCP with decreasing frequency. According to them the time available 
during each cycle for the craze to deform non-elastically is the most important factor, at 
high frequencies this time is shorter where as at lower frequencies this time is longer. 
They concluded that an increase in FCP with decreasing frequency was associated with a 
 
44 
decrease in the time-dependent deformation in the fracture process zone slightly ahead of 
the crack tip. 
From above we may conclude that the effect of frequency on FCP is basically 
linked with the size of the plastic zone size near the crack tip, and its size at high or low 
frequencies results in the decrease or increase of FCP. Different researchers have given 
three major reasons for variation of plastic zone size with frequency. Ramsteiner et al 
[54], Bureau et al [58] and Parsons et al [59] reported that time available during each 
fatigue cycle for craze to deform non elastically is the most important factor, at high 
frequencies due to very less time available, plastic deformation occurred near the crack 
tip, thus molecules have no time to disentangle and thus the rate of crack propagation is 
reduced. Hakeem and Culver [57] concluded that increase in frequency result in increase 
in yield stress near the crack tip and results in enlarged plastic zone, that consequently 
cause a decrease in FCP. Hertzberg [7] found that increase in frequency results in an 
increase in the crack tip temperature. This temperature rise cause the enlargement of the 
plastic zone size near the crack tip and hence a decrease in FCP.  
2.2.12 Effect of Temperature and Frequency on FCP 
Cheng and manson [60] have investigated the effects of temperature and 
frequency on fatigue crack propagation rates for PMMA. They reported that the FCP rate 
increases with increasing test temperature and decreasing cycle frequency. The crack 
growth is near a maximum at 80o C and 10 Hz. Also the above conditions lie in the saddle 
between Tβ and Tg. They selected PMMA as a model system to test the Michel-Manson 
equation [61], 
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where 0τ , C, m are constants, ν is frequency, Ea is activation energy, σy,m= 0.55xyield 
strength, V is activation volume, R is the gas constant, K∆  and ∆  are the applied 
stress intensity range and threshold range, 
thK
ysσ  is the yield strength,  is the fracture 
toughness, and  is the stress intensity factor at maximum cyclic load. It is seen that 
when the test temperature reaches the glass transition region, the failure mechanism 
changes and the material becomes more fatigue resistant while simultaneously softening. 
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Kim and Wang [62] studied the fatigue crack growth in a commercial grade 
acrylonitrile butadiene styrene (ABS) over the temperature and frequency ranges of 10-
70o C and 0.01-10 Hz. They refined a model developed by Mitchel [61] for the effects of 
temperature and frequency on the FCG rates. This refined model accurately predicts the 
FCG rates in ABS. The refined model is given by 


 ∆−∆−= −
RT
KHC
dN
da thnm logexp γν     (2.21) 
where, n, m, γ , and C are constants; ν , the frequency of loading; ∆ , the apparent 
activation energy independent of ∆K or the apparent activation energy at unit ∆K; R, the 
gas constant and T, the absolute temperature. They recognized three different types of 
fatigue fracture surface, the first type is characterized by discontinuous growth bands; the 
second, by a rather smooth surface; and the last, by a rougher surface relative to the 
second. The transition between the first and second types were found to be dependent on 
temperature and frequency as well, whereas the transition between the second and last 
thH
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types was found to be dependent only on temperature. They linked these findings with 
crazing. 
Kim and Wang [63] modeled the temperature and frequency effects on fatigue 
crack growth rate of uPVC. They used stress intensity factor biased Arrhenius equation 
and Michel-Manson [61] model to present there model which accurately predicts the 
FCG of uPVC. Basically they refined their model for ABS [62] by incorporating a 
reference frequency rν , 
( ) 

 ∆−∆−= −
RT
KHB
dN
da thnm
r
logexp γν
ν    (2.22) 
The temperature and frequency effects on fatigue crack growth in uPVC were studied 
over a temperature range 15-55o C and a frequency range 0.01-10 Hz. It was found that 
the FCP rates increase with increasing test temperature and decreasing cycle frequency. 
Radon and Culver [64] investigated the effect of frequency and temperature in 
polymethyl methacrylate and polycarbonate. They found that the cyclic crack growth 
decreased with decreasing temperature and increasing frequency. According to them 
changes in frequency expected to produce a distinct effect in polymers on account of their 
strain rate sensitivity. They used a parameter viscous energy loss WV, for characterizing 
the frequency effects in polymers, which is a function of the loss modulus (E/, the 
imaginary component of the complex modulus) which in turn is a function of frequency. 
Thus increasing loss factor may greatly affect the amount of viscoelastic energy absorbed 
per cycle and the decreasing yield strength will lead to the enlargement of the deformed 
zone around the crack tip and result in lower FCP rates. 
From the literature survey it can be concluded that no work was reported on 
frequency effects on FCG properties of CPVC and HDPE at different temperatures in 
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open literature, but PVC and PE and their compounds which are closely related to CPVC 
and HDPE have been studied extensively. The effect of temperature on FCG in polymers 
has been studied comprehensively by several researchers, but the data available was not 
self consistent since different materials were examined that possessed different 
viscoelastic and deformation characteristics. On the basis of the literature, survey it can 
be concluded that the effect of frequency and temperature on FCG properties of CPVC 
and HDPE is an open area for research and the results of the study will be a useful 
addition to the existing literature. 
 
  
 
CHAPTER 3 
EXPERIMENTAL PROCEDURE AND RESULTS 
In this chapter specimen preparation procedure, experimental setup details and 
test results are presented. The experimental program is divided into the following parts; 
first part describes the procedure adopted for preparation of specimens for tensile and 
FCG testing programs from four inch CPVC sockets and HDPE pipes, second part 
consists of setting up of testing apparatus, third part explains the procedure for studying 
and analyzing fracture surface morphology of fatigue fractured specimens using SEM. 
The Section 3.3 describes the conditions at which the various tests were performed. 
Finally, the results from both the monotonic and fatigue crack growth testing programs 
are presented. 
3.1 Specimen Preparation 
• CPVC 
The specimens for monotonic and fatigue crack growth testing programs were 
prepared from commercially available four inch injection molded couplings 
manufactured by Epson. The schematic drawing and photograph of the coupling is shown 
in figure 3.1 (a) and (b), respectively. Rings 50 mm wide were cut from the sides of the 
couplings as shown in figure 3.2 and slit into two equal parts. After heating for 20 
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Figure 3.1  The Schematic diagram (a) and photograph (b) of 4-inch CPVC 
coupling. 
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Figure 3.2  Rings of width equal to B (50 mm) were cut from CPVC coupling, 
C=50, M1=120, L1=135 mm. 
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minutes at 105o C in an electric oven, the rings were straightened in a specially designed 
mold (see figure 3.3). Same procedure as that adapted by Irfan [8] was employed here as 
shown in figure 3.4. 
The specimens for fatigue crack growth and tensile tests were machined from the 
straightened plates. Coolants were used during machining processes to avoid any thermal 
degradation of material. The tensile test specimens were prepared according to the ASTM 
D638 Standard method of test for tensile properties of plastics [66]. The fatigue 
specimens are produced with the dimensions of 40x180x9.4 mm3. A sharp razor balde 
was used to make a through thickness 1 mm deep notch manually in all fatigue crack 
growth test specimens. Figure 3.5 and 3.6 show the schematic diagram and photograph of 
tensile and fatigue crack propagation specimens respectively. The direction of 
propagation of crack is shown in figure 3.7. The couplings are cut in the way that plane 
of cutting coincides with the weldline. (Figure 3.8); the weldline is cut out of the 
specimen. 
• HDPE 
The specimens for monotonic and fatigue crack growth testing programs were 
prepared from commercially available four inch diameter pipes manufactured by Al-
Wassel. These pipes are manufactured by extrusion. Several additives are also added to 
improve their mechanical properties. The schematic drawing and photograph of the pipe 
is shown in figure 3.9. Rings 50 mm wide were cut from the pipes as shown in figure 
3.10 and slit into two equal parts. After heating for 60 minutes at 100o C in an electric 
oven, the rings were straightened in a specially designed mold (see figure 3.3). Due to the 
presence of additives in the HDPE pipes, these samples when taken out from the 
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Figure 3.3  Specially designed mold for straightening Specimens. 
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Figure 3.4  Procedure for making flat plates from rings (a) The ring cut from 
coupling, (b) ring cut into two parts, (c) the half ring is heated at 105o C and straightened 
between plates and (d) flat plates. 
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Figure 3.5  Schematic diagram and photograph of the tensile specimen used in the 
study. 
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Figure 3.6  Schematic diagram and photograph of the SEN fatigue crack 
specimens used in this study. 
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Figure 3.7  Notch orientation in specimens. 
 
 
Figure 3.8  CPVC rings are cut at a plane, which is passing through the weldline. 
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Figure 3.9  HDPE pipe used for making test specimens. 
 
Figure 3.10  Rings of width equal to C (40 mm) were cut from HDPE pipes, 
M1=120, L1=135 mm. 
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specially designed mould they were not completely straight. To have the straightened 
sample the time for heating was increased to 120 minutes, but still desired specimen 
shape is not obtained. Hence, the temperature for heating was increased in steps of 10o C 
keeping time for heating constant (60 minutes). A check for specimen’s straightness is 
done at the end of each step. Finally, at 130o C we get the desired straightened specimens 
ready for testing. 
3.2 Testing Apparatus 
The testing apparatus used in the present study included Instron 8501 material 
testing machine, traveling microscope, video recording system, environmental chambers 
and a scanning electron microscope.  
3.2.1 Instron 8501 
The Instron 8501 machine was used to perform the tensile and fatigue tests. It is a 
closed loop servo-hydraulic single axis fatigue testing system. The main controlling 
modes of the system are strain (±10 %), load (±100 kN) and position (±75 mm) with a 
frequency range from 0 to 200 Hz. The controlling limits can be viewed on the digital 
control panel any time during the test along with all other test variables (e.g. 
maximum/minimum limits of each cycle or the safety limits set or number of cycles or 
elapsed time etc.). The photograph of testing frame is shown in figure 3.11. 
The machine is equipped with a hydraulically actuated self-aligning gripping 
system. To ensure the vertical alignment of the specimen specially machined inserts were 
used during the tests. Any pre-loading induced during clamping was adjusted to zero 
prior to testing by the re-calibration of the load cell after clamping. 
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Figure 3.11  Photograph of testing frame with environmental chamber and crack 
monitoring system. 
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The tensile tests were carried out in position control mode. The Instron Series IX 
machine control, data acquisition and analysis software for material testing was used. A 
PC, interfaced with the testing frame was used for test data acquisition. The software 
provides position and corresponding load of the test with a constant position increment 
till fracture at the ultimate tensile strength which is logged along with the final position 
before fracture. The fatigue tests were performed in load control mode. The sine wave 
with a frequency of 0.1,1 and 10 Hz was used for cyclic loading. 
3.2.2 Traveling Microscope and Video Recording Equipment 
A Questar QM-100 microscope with a working range of 15-45 cm and resolution 
of 0.1 mm was used to observe the crack initiation and growth during the fatigue crack 
propagation tests. The microscope is mounted on a movable stand having both horizontal 
and vertical movements. Penlight focusing arrangement is used for accurate location and 
focus of the crack. A digital meter (Questar ZE 5-KA) is interfaced with the microscope, 
which displays the horizontal and vertical movements of the microscope. This meter was 
used to measure the crack extension (∆a). Crack lengths of 0.01 mm can be measured 
using this meter. 
Due to the long duration of some tests, especially at low temperatures, a video 
recording system was employed to record the tests. This system consists of an industrial 
video camera (magnification x 10) and a 24 hour video recorder. The video camera was 
placed at a distance of 15 cm from the specimen. The recording equipment was calibrated 
before starting the actual tests. After the completion of the test, video recordings were 
played back to measure the crack lengths. The fatigue cycles were recorded with a help of 
a built-in digital timer in the recording system. 
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3.2.3 Environmental Chambers 
Two environmental chambers designed and fabricated by Irfan [8], were used for 
conducting monotonic and fatigue tests in non-ambient environments. 
The high temperature environmental chamber was designed to maintain 
temperatures up to 150o C for extended periods of time. It was made from Plexiglas and 
insulated with glass wool embedded in aluminum foil. The second chamber for low 
temperature testing was also made from Plexiglas. It is a double walled chamber with 
glass wool and insulating foam filled between the two walls. The details of the design 
were reported in the work of Irfan [8]. A window (30x60 mm2) was designed to allow 
video camera crack detection and measurement. The environmental chamber is shown 
mounted in testing machine in figure 3.11. 
3.2.4 Scanning Electron Microscope 
The fracture surface morphology of the failed specimens was studied using a 
Joel JSM scanning electron microscope. The magnification range available is 35x to 
300,000x. The excitation potential can be varied between 1 to 50 kV. To suppress 
charging and increasing electron emission, gold coating of the fracture surface was done. 
This process provided very fine uniform coating of a conducting material (i.e. gold), so 
that the surface after coating was an exact replica of the underlying material. The coating 
was done by vacuum depositing in several stages provided by rotary and diffusion pumps 
of Joel Fine Coat Ion Sputter JFC-1100 with a vacuum of 0.1 Torr at1-1.5 kV. The time 
and amperage were selected with the constraint of the coat thickness and the specimen 
surface area. 
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After the fatigue test, fractured samples were stored in the decicator to protect the 
fracture surface from any atmospheric contamination. The specimens were reduced to the 
appropriate size (for mounting on SEM) by Buehler IsometTM low speed saw using a 
diamond wafer, in order to eliminate the possibility of inducing any post fatigue damage 
near the fractured surface. 
3.3 Testing Program 
• CPVC 
 The fatigue crack propagation tests on CPVC single edge notch plate specimens 
were conducted at –10, 0, 23, 50 and 70o C for three frequencies i.e. 0.1, 1 and 10 Hz. A 
stress ratio, R of 0.2, and two stress ranges (∆σ) 13.30 and 11 MPa were used for FCP 
tests. Two to three tests were run at each condition. The mean stress was taken to be 
about 20 % of the yield strength of CPVC in order to keep σmax below 50 % of σys to 
avoid elasto-plastic behavior. The monotonic tests for same CPVC material being used in 
this study were conducted earlier by Merah and Irfan [19]. 
• HDPE 
The monotonic tests on HDPE specimens were conducted at a strain rate of 6x10-4 
s-1 (cross head speed of 5 mm/min) at –10, 0, 23, and 50o C. The fatigue crack 
propagation tests on HDPE single edge notch plate specimens were also conducted at –10 
and 0o C for frequencies of 0.1, 1 and 10 Hz. Stress ratio, R equal to 0.2, and two stress 
ranges (∆σ) 9.0 and 8.0 MPa was used for FCP tests. 
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3.4 Results 
The monotonic tests on HDPE specimens were conducted at –10, 0, 23 and 50o C. 
As described earlier the load-elongation curves were obtained using a PC interfaced with 
the testing frame. The load-elongation curves for HDPE at 23o C is shown in figure 3.12. 
The load-elongation curves for HDPE and CPVC [19] at different test temperatures are 
shown in figure 3.13 and 3.14. Table 3.1 provides the results of the monotonic tests 
carried out on HDPE specimens. The complete analysis and determination of stress-strain 
curves is presented in chapter 4. The results of monotonic tests on CPVC [19] and HDPE 
were used for the development of Master curves for FCP at different temperatures for a 
given frequency.  
The fatigue crack propagation tests on CPVC and HDPE single edge notch plate 
specimens were conducted at (–10, 0, 23, 50 and 70o C) and (-10 and 0o C) respectively, 
for frequencies equal to 0.1, 1 and 10 Hz.  
It had been found from the fatigue propagation tests performed on HDPE 
corresponding to 0.1 Hz test frequency at different temperatures that crack propagation 
did not start even after very long times (approximately one week) of testing. Hence, we 
do not have any fatigue crack growth data for these tests. 
As mentioned in section 3.2.2, in the present study an industrial video camera was 
used for crack growth monitoring. Table 3.2 show the a-N table for CPVC fatigued at 70o 
C and 0.1 frequency. Crack propagation data from the fatigue crack propagation tests on 
HDPE at 0o C are given in table 3.3 for test frequency equal to 10 Hz. These tables are the 
samples from the FCP test results. Similar tables were used to develop a-N curves. The 
detailed analysis and discussion of these results are provided in chapter 5. 
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Figure 3.12  Load-elongation curves for HDPE at 23o C temperatures. 
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Figure 3.14  Load-elongation curves for CPVC [19] at different test temperatures. 
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Table 3.1  Results of monotonic tests performed on HDPE specimens. 
 
Serial No. 
Yield 
Strength 
(MPa) 
Elastic 
Modulus 
(MPa) 
-10o C 
1 32.61 1032.00 
2 31.79 1038.5 
Average 32.20 1035.25 
0o C 
3 29.49 923.25 
4 30.00 925.35 
Average 29.74 924.30 
23o C 
5 23.85 670.3 
6 23.27 665.10 
Average 23.56 667.7 
50o C 
7 14.21 291.95 
8 14.55 287.35 
Average 14.38 289.65 
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Table 3.2  Crack propagation data obtained from fatigue crack propagation test on  CPVC 
at 70o C and 0.1 Hz. 
Crack length ‘a’ No. of cycles ‘N’ Crack length ‘a’ No. of cycles ‘N’ 
0 0 1.648 538 
0.994 401 1.701 544 
0.989 407 1.772 550 
1.014 413 1.877 555 
1.038 419 1.946 561 
1.035 424 2.030 567 
1.057 430 2.111 572 
1.097 436 2.217 578 
1.119 441 2.323 584 
1.116 447 2.455 590 
1.140 453 2.576 595 
1.166 458 2.709 601 
1.160 464 2.922 607 
1.151 470 3.168 612 
1.199 476 3.386 618 
1.249 481 3.597 624 
1.243 487 3.888 629 
1.261 493 4.227 635 
1.316 498 4.625 641 
1.374 504 5.161 647 
1.404 510 5.643 652 
1.426 515 6.175 658 
1.475 521 7.005 664 
1.534 527 8.070 669 
1.555 533 9.484 675 
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Table 3.3  Crack propagation data obtained from fatigue crack propagation test on HDPE 
at 0o C and 10 Hz. 
Crack length ‘a’ No. of cycles‘N’ Crack length ‘a’ No. of cycles ‘N’ 
0 0 1.424 475975 
0.400 303175 1.530 483175 
0.460 310375 1.648 490375 
0.507 317575 1.757 497575 
0.538 324775 1.841 504775 
0.558 331975 1.966 511975 
0.579 339175 2.116 519175 
0.592 346375 2.267 526375 
0.586 353575 2.386 533575 
0.587 360775 2.535 540775 
0.583 367975 2.754 547975 
0.584 375175 2.903 555175 
0.596 382375 3.097 562375 
0.628 389575 3.303 569575 
0.664 396775 3.510 576775 
0.703 403975 3.710 583975 
0.747 411175 3.978 591175 
0.810 418375 4.301 598375 
0.884 425575 4.645 605575 
0.963 432775 5.109 612775 
1.038 439975 5.467 619975 
1.113 447175 5.894 627175 
1.188 454375 6.547 634375 
1.260 461575 7.603 641575 
1.336 468775 10.519 648775 
 
  
CHAPTER 4 
EFFECT OF TEMPERATURE ON MONOTONIC 
PROPERTIES 
4.1 Introduction  
In this chapter the effect of temperature on the monotonic properties of HDPE is 
discussed. Tensile test specimens were designed and prepared according to the ASTM 
D638 Standard [67]. Tensile tests were performed at –10, 0, 23 and 50o C on the different 
specimens at a crosshead speed of 5 mm/min (strain rate 6x10-4 s-1). The data derived 
from tensile tests is important from practical point of view; providing information on the 
elastic modulus, yield and fracture strengths. This information is essential for material 
selection during design of engineering components. Furthermore, it is used in the present 
study to explain the effect of temperature on fatigue crack resistance and to develop FCP 
master curves. 
Due to the dependence of mechanical properties on a large variety of parameters, 
it is difficult for the designer to select a certain material without knowing all these 
parameters. The mechanical properties like yield strength and elastic modulus are usually 
given as a range for plastics. Thus the accurate determination of mechanical properties of 
polymers with respect to environment and material variables is very important. A 
polymer can show all the features of a glassy brittle solid or an elastic rubber or a viscous
69 
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liquid depending on the temperature. Many researchers have shown temperature 
dependence of mechanical properties of different polymers like PMMA, cellulose acetate, 
PVC, etc. The degree of dependence is related to the structure and crystallinity of the 
polymer. 
In the present study, it is observed that the stress strain properties of HDPE are 
sensitive to temperature. Figure 4.1 shows the stress-strain curves for HDPE at 23o C. 
Figure 4.2 shows the stress-strain curves for HDPE at different temperatures. Several 
features of these curves are worth noting; increasing the temperature produces, a decrease 
in elastic modulus and a reduction in tensile strength.  
The monotonic tests for same CPVC material being used in this study were 
conducted earlier by Merah and Irfan [19]. Their results are used in our study to explain 
the temperature effect on the FCP in the CPVC material. Figure 4.3 shows the stress-
strain curves for CPVC [19] at different temperatures. The effect of temperature on the 
main tensile properties such as yield stress, elongation and elastic modulus is discussed in 
detail in the following sections. 
4.2 Effect of Temperature on Yield Strength 
A normal tensile test on a polymer produces a stress-strain curve similar to that of 
a metal. As the strain is increased, the material passes through a recoverable elastic 
region, which in contrast to metals is usually non-linear. The slope of the curve decreases 
until it reaches a peak value in stress, which can be used to define the yield stress, σys. 
Strictly speaking, the yield point of the material should be described as the point at which 
permanent set takes place. This is very difficult to define in polymers, as in polymers 
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Figure 4.1  Stress strain curves for HDPE at 23o C temperatures 
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Figure 4.2  Stress strain curves for HDPE at different temperatures 
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there is no clear distinction between elastic recoverable deformation and plastic 
irrecoverable deformation.  
In case of polymers yield coincides with the observation of a maximum load in 
the load-elongation curve. The yield stress then can be defined as the true stress at the 
maximum observed load. Because this stress is achieved at comparatively low elongation 
of the sample it is often adequate to use the engineering definition of the yield stress at 
the maximum observed load divided by the initial cross section area. 
The temperature dependence of yield stress for different polymers has been 
studied by many researchers. Povolo et al [12] shown that there is a linear dependence of 
yield stress with temperature for PVC. Similar results are given by Che et al [13] and Hit 
and Gilbert [16] for PVC in the temperature range (-60o to 60o C) and (23o to 180o C) 
respectively. 
The variation of yield stress with temperature for HDPE is shown in figure 4.4. 
The value of yield stress at each temperature (Table 4.1) is the average value of all the 
tests done at that condition. It can be seen that the yield stress varies linearly in the 
temperature range –10 to 50o C. The slope of the linear regression line for HDPE is         
–0.2987, with a linear correlation coefficient of 0.9948. The linear dependence of yield 
stress with temperature for HDPE can be expressed as; 
σys = 111.3– 0.2987T  for -10o C ≤ T ≤ 50o C (4.1) 
Irfan and Merah [19] have investigated the effect of temperature on CPVC in the 
temperature range of -10o to 70o C. Their results are reproduced in figure 4.5. The linear 
dependence of yield strength with temperature for CPVC, was described by 
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Figure 4.4  Variation of yield stress with temperature for HDPE. 
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Figure 4.5  Variation of yield stress with temperature for CPVC [19] 
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Table 4.1  Yield Stress and Elastic Modulus of HDPE at different temperatures. 
 
Temperature Yield Stress (MPa) 
Elastic Modulus 
(MPa) 
-10 32.20 1035.25 
0 30.00 924.30 
23 23.56 667.7 
50 14.38 289.65 
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σys = 187– 0.456T  for -10o C ≤ T ≤ 70o C  (4.2) 
By comparing both HDPE and CPVC results it can be concluded that the yield stress of 
CPVC is more sensitive to temperature (the slope being 1.5 times higher). 
Eyring theory of viscosity [68] very well defined the temperature and the strain 
rate dependence of the yield behavior of polymers. For temperatures below the glass 
transition temperature of the polymer, the yield stress is as follows: 


 

∈=
∈
−
RT
∆Hexp
2A
sinh
V
R
T
σ 1ys    (4.3) 
Where R is the universal gas constant, V is the activation volume also known as 
the Eyring flow volume; for PVC it is 8.60 nm3 [68], ∈ is the strain rate, ∆H is the 
activation energy and A∈ is a material constant. At the yield in glassy polymers, high 
stresses are encountered, hence equation (4.3) can be approximated, assuming sinh (x) = 
exp (x) / 2 (i.e. for large x) as; 



 ∈+=
∈A
ln
V
R
VT
∆H
T
σ ys     (4.4) 
In the above Eyring Model, ∆H, V, R, ∈, A∈ are constant for a given material, for 
tests conducted at constant strain rates. Thus, the above model predicts a linear 
relationship between yield stress and temperature. The results in figure 4.4 and 4.5 
confirm this linear relationship for HDPE and CPVC [19] in this study. 
4.3 Effect of Temperature on Modulus of Elasticity 
Modulus of elasticity or tensile modulus is the ratio of stress to strain within the 
elastic region of the stress-strain curve (prior to the yield point). According to Hooke’s 
law the modulus of elasticity is defined as  
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E = σ / ε       (4.5) 
Modulus of elasticity can be also defined as the slope of the tangent to the part of 
the stress-strain curve which lies in the limit of proportionality. The variation in elastic 
modulus with temperature for HDPE is shown in figure 4.6. It can be observed that, in 
the present temperature range, E decreases linearly with increasing temperature.  
 Povolo et al [12] have also reported linear dependence of E with temperature for 
PVC. Povolo et al [12] expressed the modulus of elasticity as a function of temperature, 
in the following form 
E(T) = Eo - ξT      (4.6) 
The values of Slope, ξ and intercept, Eo obtained for PVC by Povolo are (13.30 ± 
0.7 GPa) and (34 ± 2 MPa/K) respectively.  
A linear regression is done on the elastic modulus values of HDPE (figure 4.6) 
with a correlation coefficient of 0.9963. From this regression analysis the values of Eo 
and ξ for  HDPE are found to be 4.304 GPa and 12.38 MPa/K respectively. Irfan and 
Merah [19] also reported that E increased with decreasing temperature for CPVC from     
-10o C to 70o C. The variation in elastic modulus with temperature for CPVC obtained by 
them is shown in figure 4.7. The values of Eo and ξ for CPVC were found to be 6.53 GPa 
and 12.40 MPa/K respectively. The value of the slopes ξ of E-T curves for CPVC and 
HDPE are the same; the stiffness of these materials is same. By comparing both HDPE 
and CPVC results it can be concluded that the modulus of elasticity of CPVC is more 
sensitive to temperature (the slope being 1.5 times higher). 
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Figure 4.6  Variation of elastic modulus with temperature for HDPE. 
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Figure 4.7  Variation of elastic modulus with temperature for CPVC [19] 
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4.4 Relationship between Elastic Modulus and Yield Stress 
Elastic modulus and yield stress are linearly related to each other. Hence, any 
variable that affects elastic modulus will also going to affect the yield stress. 
Argon et al [69] derived the theories relating elastic modulus to yield stress over a wide 
temperature range. These theories show excellent agreement with Argon’s experimental 
results but their analytical form is too complex to be applied to practical situations. 
Kitagawa [70] in 1977 has expanded and generalized Argon’s theory to arrive at a 
relationship between shear stress (τ) and shear modulus (G) which can be represented by 
a power law relation of the form, 
n
o
o
o
o
TG
GT
Tτ
τT 

=      (4.7) 
Here To is the reference temperature, the values τo and Go are of shear yield stress 
and shear modulus at some To (conveniently taken as the ambient temperature), and n is a 
temperature independent exponent. 
The tensile modulus and yield stress are converted into the corresponding shear 
modulus and shear yield stress for using Kitagawa’s relationship. This can be done using 
the following equations of solid mechanics: 
G (T) = ( )


+ν12
 E(T)      (4.8) 
 τ (T) = 

 )Τ( 
3
ysσ      (4.9) 
Here ν is the Poisson’s ratio (ratio of the strain in the z direction over the strain in 
the x direction when a specimen is pulled in tension uniaxially in the z direction). 
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Kitagawa in agreement with Argon showed that a relation of the form of equation 4.7 
held over a wide range of temperature for most polymers. He also found that the 
exponent, n had a unique value of 1.63 for all amorphous polymers, and between 0.80 
and 0.90 for semi-crystalline polymers.  
Figure 4.8 is a log–log plot according to equation 4.7 for the values of τ and G 
obtained for HDPE tested over temperature range –10 to 50o. The value of Poisson’s ratio 
was assumed constant (equal to 0.46 [72]) over the temperature range of interest. The line 
drawn on the graph has a slope of 0.5484 and all the points fall very close to this line with 
a coefficient of regression of 0.9995. The obtained value of slope is less than that for 
semi-crystalline polymers (a polymer that is neither all crystalline in nature, nor is it 
amorphous in nature.) because of presence of additives in the HDPE pipe chosen for 
testing. Irfan and Merah [19] have also used Kitagawa’s model in their study of CPVC, 
they reported the value of exponent n equal to 1.69. 
4.5 Effect of Temperature on Elongation Yield Strain and Necking 
4.5.1 Elongation 
The stress-strain curves for polymers tested over a wide temperature range show 
three different mechanical behavior [68]. First one is brittle fracture which is 
characterized by no yield point, a region of Hookean behavior at low strains. Second is 
yield behavior characterized by a maximum in the stress-strain curve followed by 
yielding deformation, which is usually associated with crazing or shear banding and 
usually ductile failure. Third, one is rubber-like behavior- characterized by the absence of 
a yield point maximum but exhibiting a plateau in an engineering stress-strain curve. 
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Figure 4.8  Relationship between τ and G for HDPE. 
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Rubbery behavior is usually present when temperatures are higher than the glass 
transition temperature.  
From the tests conducted on HDPE over the temperature range -10 to 50o C, yield 
behavior is observed to present at all temperatures. This is evident from figure 4.2. 
Ductile fracture occurs with a definite yield point characterized by a maximum in the 
stress-strain curve and considerable plastic deformation, which is usually associated with 
crazing. 
4.5.2 Yield Strain 
Yield strain is defined as the ratio of yield stress to modulus of elasticity, i.e. 
 
E
ys
y
 = σε       (4.10) 
Figure 4.9 shows the variation of yield strain (denoted by εy) with temperature. 
The yield strain remains fairly constant for the temperature range studied. Similar results 
are given by Povolo et al [12] and Irfan and Merah [19] for PVC and CPVC respectively. 
4.5.3 Necking 
As with metals, polymers can show localized necking after yield. Necking is first 
observed as a local reduction in cross sectional area and corresponds to the drop in load 
observed at the yield point. If the neck is stable, the load will remain at a steady value and 
the neck will traverse the length of the specimen. The mechanisms of necking start with 
either a local reduction in cross sectional area or a local fluctuation in material properties 
which allows yielding to take place in a small element. Deformation will continue within 
this element because it has a lower effective stiffness and the local stress is higher.  
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Figure 4.9  Variation of yield strain with temperature for HDPE. 
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In the case of HDPE it can be seen that considerable necking occurs at all tests 
temperatures (-10 to 50o C). The neck starts to form at the point where the cross sectional 
area of the specimen is minimum. Once the whole cross section has yielded, the neck 
travels along the length of the specimen at constant load until fracture occurs. 
4.6 Development of FCG Master Curves using Monotonic Properties 
The technique of developing FCG master curves using the monotonic properties 
is based upon the dependence of monotonic properties on the temperature as can be seen 
in figures 4.2- 4.6. The monotonic properties influence the FCG properties of CPVC as 
well as HDPE. As a lower value of yield stress results in a high value of crack tip 
opening displacement (CTOD), which will introduce blunting of the crack tip, which is 
expected to lower the crack propagation rate. In order to know this effect da/dN is plotted 
in terms of the modified stress intensity factors. The stress intensity factors are modified 
by CTOD (which describes the crack tip condition in elastic plastic materials and is used 
as a fracture criterion). The detailed analysis and discussion of the development of these 
master curve s are provided in chapter 5. 
 
  
CHAPTER 5 
EFFECT OF TEMPERATURE AND FREQUENCY 
ON FATIGUE CRACK GROWTH PROPERTIES 
5.1 Introduction  
In this chapter the results concerning the effect of temperature and frequency on 
the fatigue crack growth properties of CPVC and HDPE are discussed. This chapter 
consists of four main sections. The first section deals with temperature and frequency 
effects on a-N curves for CPVC and HDPE. The second deals with the characterization of 
fatigue crack propagation rate in CPVC and HDPE. The third section concentrates on the 
development of da/dN-∆K master curves, and the last section presents the fractographic 
analysis of failed specimens. 
 Fatigue tests were carried out at –10, 0, 23, 50 and 70o C for CPVC and at –10 
and 0o C for HDPE. FCP tests were performed at the frequencies of 0.1, 1 and 10 Hz, on 
single edge notched plate specimens. The tests were performed under a  stress ratio R 
(σmin / σmax) of 0.20. Stress ranges (∆σ) of 13.30 and 11.00 MPa were used for CPVC and 
9.0 and 8.0 MPa for HDPE. The maximum stress was kept below 50 % of the yield stress 
to avoid large plastic deformations.  
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5.2 a-N Curves 
The fatigue failure is characterized by three distinct processes; (1) crack initiation, 
where a small crack forms at some point of high stress concentration; (2) crack 
propagation, during which this crack advances incrementally with each stress cycle; and 
(3) final failure, which occurs very rapidly once the advancing crack has reached a 
critical size. The fatigue life Nf, i.e., the total number of cycles to failure, is taken as the 
sum of the number of cycles for crack initiation Ni and crack propagation Np. 
The contribution of the final failure step to the total fatigue life is insignificant, 
since it occurs so rapidly. Relative proportions to the total life of Ni and Np depend on the 
particular material, specimen or component geometry and shape and test conditions. For 
the FCG testing program in this study, 1 mm deep notch was manually introduced in all 
specimens with a sharp blade. Since the notch is sharp thus the initiation period is 
expected small and does not need consideration. The present study will concentrate on 
the crack propagation period of the life and its characteristics. 
Any crack propagation study requires an accurate detection and measurement of 
crack length. Many monitoring techniques have been employed for crack measurement 
these include, compliance measurement, acoustic emission detectors, eddy current 
technique, electro-potential measurements and the use of a calibrated traveling 
microscope. Most of the data generated for polymeric solids have been based on traveling 
microscope readings [43, 44, 45 and 73], but other techniques like conductive surface 
grid printed on specimen surface [62, 63], cathetometer [64] and compliance technique 
[65,74] have also been used for crack measurement in polymers. In this study a video 
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camera was used for crack growth monitoring. The data was plotted as discrete points on 
the a-N plot and a curve was manually fitted to this data. 
• CPVC 
Figure 5.1 shows the a-N curve for CPVC at 23o C and 0.1 Hz. It is observed that 
initially the curve is approximately flat and the crack growth is very slow. The crack 
grows only up to 0.50 mm for 3,300 cycles, which is due to the initial threshold 
resistance provided by CPVC material. Once the crack has grown to about 3-4 mm it 
takes about 1000 cycles for the crack to travel to the final length af of 15.5 mm. Similarly 
in a-N curve for CPVC at 23 oC and 1 Hz the crack grows only up to 0.90 mm for 6,600 
cycles. Again in a-N curve for CPVC at 23o C and 10 Hz the crack grows only up to 0.6 
mm for 12,300 cycles. These observations are true for all the tests. 
• HDPE 
Figure 5.2 illustrates the variation of crack length a with number of cycles N for 
HDPE at 0o C and 10 Hz. Initially the crack growth is very slow. It took more than 
300,000 cycles to initiate the crack and propagate it to 0.50 mm. This is due to the 
absence of sharp enough notch in HDPE specimens. Once the crack has grown to about 
3-4 mm it takes only 90700 cycles for the crack to travel to the final length af of 10.2 
mm. Similarly in a-N curve for HDPE at -10o C and 10 Hz the crack grows only up to 
0.70 mm for more than 450,000 cycles. 
5.2.1 Effect of Temperature on a-N Curves  
The crack growth in almost all the polymers is sensitive to the environmental 
conditions. Figures 5.3, 5.4 and 5.5 show representative a-N curves for CPVC at different 
temperatures for the frequencies of 0.1, 1, and 10 Hz respectively. It can be seen that the 
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Figure 5.1  a-N curve for CPVC at 0.1 Hz and 23o C. 
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Figure 5.2  a-N curve for HDPE at 10 Hz and 0o C. 
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Figure 5.3  a-N curve for CPVC at 0.1 Hz and different temperatures. 
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Figure 5.4  a-N curve for CPVC at 1 Hz and different temperatures. 
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Figure 5.5  a-N curve for CPVC at 10 Hz and different temperatures. 
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fatigue life (Nf) decreases drastically with increase in temperature for all the frequencies. 
At high temperatures i.e. 23, 50 and 70o C large size of craze zones are observed near the 
crack tip. Also comparably large crack tip opening displacements (CTOD) were observed 
at high temperatures. At –10o C and 1 Hz the total life is 33,068 cycles while at 70o C and 
1 Hz, it reduces to only 3473 cycles. The reduction in life is due to the loss of strength in 
the material. At high temperatures the disentanglement of the molecular chains becomes 
easier due to the temperature induced molecular vibrations. Whereas at low temperatures 
the chains are tightly packed and strongly held so it takes a larger number of cycles to 
disentangle them. It can be inferred from the a-N curves that the propagation life of 
CPVC specimens varies with temperature. The propagation life does not decrease much 
in going from -10 to 0o C for all three frequencies. The difference in propagation lives at  
-10 and 0o C is around 2205 cycles, which is expected as the fracture mechanisms remain 
the same for these temperatures. 
A comparison of a-N curves for HDPE at 0o C and -10o C for the frequencies of 1 
and 10 Hz are shown in Figures 5.6 and 5.7. Fatigue life (Nf) decreases with increase in 
temperature. For example at 1 Hz frequency the specimen life is 80,100 cycles at -10o C, 
it reduces to 65,700 cycles at 0o C. It is expected that at -10o C the material is more brittle 
than at 0o C. It can be inferred from the a-N curves that the propagation life of HDPE 
specimens decreases with increasing temperature. 
5.2.2 Effect of Frequency on a-N Curves  
Polymers are sensitive to the frequency of loading due to their viscoelastic nature. 
Figures 5.8-5.12 show representative a-N curves for CPVC at different frequencies for 
the temperatures of –10, 0, 23, 50 and 70o C. Fatigue life (Nf) decreases drastically with 
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Figure 5.6  a-N curve for HDPE at 10 Hz and different temperatures. 
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Figure 5.7  a-N curve for HDPE at 1 Hz and different temperatures. 
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Figure 5.8  a-N curve for CPVC at -10o C and different frequencies. 
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Figure 5.9  a-N curve for CPVC at 0o C and different frequencies. 
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Figure 5.10  a-N curve for CPVC at 23o C and different frequencies. 
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Figure 5.11  a-N curve for CPVC at 50o C Hz and different frequencies. 
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Figure 5.12  a-N curve for CPVC at 70o C Hz and different frequencies. 
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decreasing frequency for high temperatures (50o C and 70o C). At 10 Hz and 70o C the 
average specimen life is 6168 cycles while at 0.1 Hz and 70o C, it reduces to only 675 
cycles. As at low frequencies the magnitude of chain disentanglements and chain 
slippage in each cycle is larger because of large period of time involved. The propagation 
life does not decrease much in going from 10 to 0.1 Hz for temperatures –10 and 0o C, as 
chain disentanglements and chain slippage occurring at these temperatures are limited, so 
their magnitude is independent of time they get in every fatigue cycle. 
a-N curves for HDPE at different frequencies for –10 and 0o C are shown in 
Figure 5.13 and 5.14. Fatigue life (Nf) decreases drastically with decrease in frequency 
for both temperatures. At 10 Hz and 0o C the average life for specimen is 64,8300 cycles 
while at 1 Hz and 0o C, it reduces to only 65,700 cycles. As at high frequencies there is 
less time for chain disentanglements and chain slippage in every cycle which results in 
larger number of cycles to failure. It can be inferred from the a-N curves that the 
propagation life of HDPE specimens decreases with decreasing frequency. 
5.3 Fatigue Crack Propagation Characteristics in CPVC and HDPE 
In this section, the results of FCP tests on CPVC and HDPE are discussed. At 
least three tests are performed at each test condition to ensure the repetition of the results. 
Data scattering is a common phenomenon in fatigue crack propagation results. The main 
reason behind data scattering comes from errors in the optical crack measurements.  
• CPVC 
The fatigue crack propagation in CPVC is presented in the form of da/dN vs ∆Κ 
plots. The fatigue crack growth da/dN is obtained using slopes of points on a-N curves. 
These slopes are calculated using seven point difference polynomial technique. Figure 
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Figure 5.13  a-N curve for HDPE at -10o C Hz and different frequencies. 
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Figure 5.14  a-N curve for HDPE at 0o C Hz and different frequencies. 
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5.15 shows the FCP characteristic curve for CPVC at 23o C and 1 Hz. The linear portion 
of the curve which represents the stable crack propagation (known as the Paris region) is 
from ∆K = 0.8 to 3.1 MPa√m, corresponding to da/dN = 6.0x10-7 m/cycle to 8.2x10-6 
m/cycle, respectively. Kim et al [63] have studied the fatigue crack characteristics in 
uPVC. They reported ∆K values varying from 0.84 to 2.05 MPa√m with a corresponding 
variation in da/dN from 4x10-8 to 5.2x10-7 m/cycle. Maddox [65] has studied fatigue 
crack propagation in uPVC water pipes at room temperature. He reported a variation of 
∆K from 0.25 to 2.10 MPa√m for a corresponding growth rate variation of 4x10-10 to 
9x10-8 m/cycle. The power law parameters m and A for CPVC at 23o C and 1 Hz found in 
the present study and for CPVC by Irfan [53], and for uPVC by Kim [63] and Maddox 
[65] are given below; 
 Present study Irfan [53] Kim [63] Maddox [65] 
m 2.39 2.22 2.89 2.54 
A (x10-7) 9.0 8.32 0.65 0.14 
 
Hertzberg and Manson [7] found that for PVC at room temperature the value of 
∆Κ lied between 0.40 to 1.10 MPa√m with da/dN varying from 1.30x10-5 to 1.15x10-4 
m/cycle. The values of m and A were 2.15 and 9.4x10-5, respectively. The above 
comparisons show that the values of exponent m obtained for CPVC in the present study 
are close to those of uPVC and PVC, but A is higher by a factor of more than ten 
suggesting that injection molded CPVC pipe fitting material has a lower crack 
propagation resistance. This may be due to two factors; lower molecular weight in 
injection molded parts and brittleness induced by the presence of more chlorine in CPVC. 
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Figure 5.15  da/dN-∆K curve for CPVC at 1 Hz and 23o C. 
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Fatigue crack propagation tests were also performed at stress range ∆σ = 11 MPa 
for 1 and 10 Hz at 70o C to determine if there is any effect of stress on da/dN–∆K curve, 
and the result show as expected that a unique curve can be drawn through all the data 
points. The fatigue crack growth curves at ∆σ = 11 and 13.30 MPa at 1 Hz and 70o C, and 
10 Hz and 50o C are shown in figure 5.16 and 5.17. It can be seen that all of the data fall 
within a band size of 2.0 on da/dN from the curve representing the paris region for these 
conditions. These curves can be represented by the following equations: 
(a) CPVC, 70o C-1Hz: (∆σ = 11,13.30 MPa)  40.26∆K.00x105
dN
da −=  (5.1) 
(b) CPVC,50o C-10Hz:(∆σ = 11,13.30 MPa)  2.266∆K.65x101
dN
da −=  (5.2) 
• HDPE 
Again, fatigue crack propagation (FCP) in HDPE is presented in the form of 
da/dN vs ∆Κ plots. Figure 5.18 shows the FCP characteristic curve for HDPE at 0o C and 
10 Hz. The linear portion of the curve which represents the crack propagation is from ∆K 
= 0.4 to 1.40 MPa√m, corresponding to da/dN = 5.00x10-9 m/cycle to 1.00x10-7 m/cycle 
respectively. Bucknall and Dumpleton [50] have performed the fatigue crack growth 
measurements on two grades of HDPE. They reported a variation of ∆K from 0.4 to 0.8 
MPa√m for a corresponding growth rate variation of 3x10-9 to 8x10-8 m/cycle for R=0.1 
and frequency of 2 Hz. Hakeem and Culver [57] studied the fatigue crack propagation in 
HDPE, they reported a variation of ∆K from 1.24 to 1.64 MPa√m for a corresponding 
growth rate variation of 2.3x10-9 to 2.7x10-8 m/cycle for R=0.3 and frequency of 5 Hz. 
Bureau M. and Dickson J. [59] studied the fatigue crack propagation behavior of 
polystyrene (PS) and 95/5 PS/HDPE blends. They reported ∆K values varying from 0.27 
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Figure 5.16  Fatigue crack growth curves for CPVC at ∆σ= 11 and 13.30 MPa at 
1 Hz and 70o C. 
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Figure 5.17  Fatigue crack growth curves for CPVC at ∆σ= 11 and 13.30 MPa at 
10 Hz and 50o C. 
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Figure 5.18  da/dN-∆K curve for HDPE at 10 Hz and 0o C. 
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to 1.15 MPa√m with a corresponding variation in da/dN from 3x10-8 to 1.2x10-6 
mm/cycle for R=0.1 and frequency of 2 Hz. 
Fatigue crack propagation tests were also performed at stress range ∆σ = 8.0 MPa 
at 10 Hz and for 0o C and -10o C to determine if there is any effect of stress on da/dN–∆K 
curve. It was found that the da/dN-∆K curve for HDPE is unique within the experimental 
scatter and as expected no ∆σ effect was observed at both temperatures. The fatigue 
crack growth curves at ∆σ = 8.0 and 9.0 MPa for 0o C and -10o C at a frequency of 10 Hz 
are shown in figure 5.19 and figure 5.20. It can be seen that all of the data fall within a 
band size of 2.0 on da/dN from the curve representing the paris region for these 
conditions. These curves can be represented by the following equations: 
(a) HDPE,    0o C-10Hz: (∆σ = 8.0,9.0 MPa)  14.28∆K.00x104
dN
da −=  (5.3) 
(b) HDPE, -10o C-10Hz: (∆σ = 8.0,9.0 MPa)  2.028∆K.00x102
dN
da −=  (5.4) 
5.3.1 Effect of Temperature on FCP rate of CPVC 
The effect of test temperature on fatigue crack growth in CPVC is analyzed by 
using the Paris and Erdogan [75] law given by equation 2.7. The representative fatigue 
crack propagation data for all temperatures and frequencies studied are illustrated in 
figures 5.21 to 5.34. 
Data scattering in figure 5.27, which shows the da/dN-∆K curve for 23o C and 0.1 
Hz, is caused due to variation in temperature and humidity during the testing as the tests 
at 23o C are not performed inside controlled temperature chamber, also 0.1 Hz frequency 
tests take long periods (nearly 48 hours) for completion. 
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Figure 5.19  Fatigue crack growth curves for HDPE at ∆σ = 8.0 and 9.0 MPa at 
10 Hz and 0o C. 
 
 
 
107 
 
1.E-10
1.E-09
1.E-08
1.E-07
1.E-06
0.1 1 10
∆K (MPa√m)
da
/d
N
 (m
/cy
cle
) a
HDPE
R=0.2
Temp=-100C
Freq=10Hz
∆σ=7.92 Mpa
∆σ=8.8 Mpa
 
Figure 5.20  Fatigue crack growth curves for HDPE at ∆σ= 8.0 and 9.0 MPa at 10 
Hz and -10o C. 
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Figure 5.21  da/dN-∆K curve for CPVC at 0.1 Hz and -10o C. 
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Figure 5.22  da/dN-∆K curve for CPVC at 1 Hz and -10o C. 
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Figure 5.23  da/dN-∆K curve for CPVC at 10 Hz and -10o C. 
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Figure 5.24  da/dN-∆K curve for CPVC at 0.1 Hz and 0o C. 
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Figure 5.25  da/dN-∆K curve for CPVC at 1 Hz and 0o C. 
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Figure 5.26  da/dN-∆K curve for CPVC at 10 Hz and 0o C. 
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Figure 5.27  da/dN-∆K curve for CPVC at 0.1 Hz and 23o C. 
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Figure 5.28  da/dN-∆K curve for CPVC at 10 Hz and 23o C. 
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Figure 5.29  da/dN-∆K curve for CPVC at 0.1 Hz and 50o C. 
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Figure 5.30  da/dN-∆K curve for CPVC at 1 Hz and 50o C. 
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Figure 5.31  da/dN-∆K curve for CPVC at 10 Hz and 50o C. 
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Figure 5.32  da/dN-∆K curve for CPVC at 0.1 Hz and 70o C. 
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Figure 5.33  da/dN-∆K curve for CPVC at 1 Hz and 70o C. 
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Figure 5.34  da/dN-∆K curve for CPVC at 10 Hz and 70o C. 
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The effect of temperature on crack growth rate can be better illustrated by using 
the representative best fit curves on all the test data at each frequency, as shown in figure 
5.35 to 5.37. These curves can be represented by the following equations: 
(a) CPVC, -10o C-0.1Hz  63.26∆K.14x102
dN
da −=    (5.5) 
(b) CPVC, -10o C-1Hz  2.607 ∆K.37x105
dN
da −=    (5.6) 
(c) CPVC, -10o C-10Hz  42.27 ∆K.45x106
dN
da −=    (5.7) 
(d) CPVC, 0o C-0.1Hz  2.116∆K.12x101
dN
da −=    (5.8) 
(e) CPVC, 0o C-1Hz   55.27 ∆K.54x106
dN
da −=    (5.9) 
(f) CPVC, 0o C-10Hz   2.897 ∆K.00x105
dN
da −=    (5.10) 
(g) CPVC, 23o C-0.1Hz  00.26∆K.00x101
dN
da −=    (5.11) 
(h) CPVC, 23o C-1Hz   2.397 ∆K.00x109
dN
da −=    (5.12) 
(i) CPVC, 23o C-10Hz  29.27 ∆K.00x108
dN
da −=    (5.13) 
(j) CPVC, 50o C-0.1Hz  2.576∆K.00x106
dN
da −=    (5.14) 
(k) CPVC, 50o C-1Hz   46.26∆K.00x102
dN
da −=    (5.15) 
(l) CPVC, 50o C-10Hz  2.266∆K.65x101
dN
da −=    (5.16) 
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(m) CPVC, 70o C-0.1Hz  80.25∆K.00x101
dN
da −=    (5.17) 
(n) CPVC, 70o C-1Hz   40.26∆K.00x105
dN
da −=    (5.18) 
(o) CPVC, 70o C-10Hz  2.026∆K.82x103
dN
da −=    (5.19) 
Results obtained illustrate two important points. First, for a given ∆K, crack 
growth rate da/dN increases with increasing temperature, (except for 0.1 Hz where -10o C 
is above 0o C and 23o C, which may be due to some problem associated with this test due 
to long period of testing involved in it). For example, at ∆K = 1.0 MPa√m and 1 Hz, 
da/dN  = 0.57, 0.7, 1.0, 2.0 and 5.0 µm/cycle for T = -10, 0 23, 50 and 70o C, 
respectively. Second, the value of intercept A of the fatigue curves increases with 
increase in temperature. A higher value of intercept A signifies less resistant provided to 
the crack propagation. For a frequency of 1 Hz the value of A is dependent on 
temperature ranging from a value of 5x10-6 at 70 C to 5.37x10-7 at –10o C. The average 
values of m and A at all test temperatures and frequencies for CPVC are given in table 
5.1. Also, the variation of m and A with temperature at frequency of 1 Hz is shown 
graphically in figures 5.38 and 5.39 respectively. The values of m and A obtained by Kim 
et al [63] for uPVC at room temperature are also plotted in these figures for comparison. 
It has been seen that value of slope m of the fatigue curves are constant with variations in 
the temperature. Martin and Gerberich [43] and, Mai and Williams [44]  have found that 
the variation of m values with temperature for PC and polystyrene respectively, did not 
follow a linear pattern. Whereas Radon and Culver [64] have shown that the slopes of 
o 
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Table 5.1  Constants m and A for CPVC at different frequencies and temperature in the 
Paris equation (da/dN in m/cycle and ∆K in MPa√m) 
Temperature (oC) Frequency (Hz) Exponent m Parameter A 
0.1 2.633359 2.149x10-06 
1 2.609423 5.37x10-07 -10 oC 
10 2.427453 6.457x10-07 
0.1 2.118562 1.123x-10-06 
1 2.555418 6.545x10-07 0 oC 
10 2.898244 5.000x10-07 
0.1 2 1.00x10-06 
1 2.3979 9.00x10-07 23 oC 
10 2.292 8.00x10-07 
0.1 2.5702 6.00x10-06 
1 2.465 2.00x10-06 50 oC 
10 2.2665 1.65x10-06 
0.1 2.8074 1.00x10-05 
1 2.4022 5.00x10-06 70 oC 
10 2.0205 3.82x10-06 
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Figure 5.35  Fatigue crack growth rates at different temperatures for CPVC at 0.1 
Hz. 
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Figure 5.36  Fatigue crack growth rates at different temperatures for CPVC at 1 
Hz. 
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Figure 5.37  Fatigue crack growth rates at different temperatures for CPVC at 10 
Hz. 
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Figure 5.38  Variation of m with temperature for CPVC at 1 Hz. 
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Figure 5.39  Variation of A with temperature for CPVC at 1 Hz. 
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fatigue crack propagation curves do not change with temperature for PMMA and had a 
constant value equal to 2.7 for a temperature range of –60o C to 27o C. 
The effect of sub room temperature at all frequencies is almost insignificant 
especially at high ∆K values. This may be due to the brittleness of the material at these 
temperatures. Material usually fails by shear and no craze zone were present at these 
temperatures. 
Fatigue crack propagation in CPVC at high temperatures is characterized by the 
formation of plastic zone or crazing. Crazing is a highly localized deformation 
phenomenon that leads to the formation of voids (cavitations). On the macroscopic level, 
crazing appears as a stress-whitened region, due to low refractive index. The craze zone 
was observed to form perpendicular to the maximum applied principal normal stress. 
Fracture occurred in a craze when individual fibrils rupture. This process can be unstable 
if, when a fibril fails, the redistributed stress is sufficient to rupture one or more 
neighboring fibrils. 
Irfan and Merah [53] measured the plastic zone size using traveling microscope 
and video recording equipment from the fatigue crack growth tests for CPVC. They 
plotted the craze length as a function of temperature for crack lengths of 5 and 10 mm. 
Figure 5.40 shows the variation of craze length with temperature. It is observed that the 
craze length increases with increase in temperature, thus showing more plasticity at high 
temperatures. 
Irfan and Merah [53] plotted the craze length as function of crack length (Figure 
5.41). The plastic zone was observed to increase with increasing crack length at all test 
temperatures, which is in accordance with Dugdale’s [21] strip yield model.  
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Figure 5.40  Craze length as a function of temperature at crack lengths of 5 and 10 
mm [53]. 
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Figure 5.41  Craze length as a function of crack length at all test temperatures 
[53]. 
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At low temperatures shear yielding is the dominant fracture mechanism involved. 
Shear yielding mechanism involves the sliding of molecules with respect to one another 
when subjected to a critical shear stress. Crazing and shear yielding are competing 
mechanisms, the dominant yielding behavior depends upon molecular structure, stress 
state and temperature [7]. Kim et al [62] have studied the effect of temperature on FCG in 
uPVC. They reported that crazing is the dominant fracture mechanism at high 
temperature while shear yielding is dominant at low temperatures. They [62] have shown 
that a transition from one mechanism to the other occurs around 23o C for uPVC. They 
[62] used a plot of ln aT against 1/T to determine the change in fracture mechanisms 
where ln aT is defined as; 
 
lnaT = (da/dN)r / (da/dN)    (5.20) 
 
Where r indicated the da/dN value at a reference temperature for a given ∆K, 
conveniently taken as 23o C. Kim et al [62] found that the change in the slope of the line 
indicates a change in the fracture mechanism involved. The slope of the line is a measure 
of the activation energy. Thus different values of activation energy are associated with 
different fracture mechanisms. This method is applied to the fatigue crack growth rates at 
different temperatures in CPVC to determine if any transition point occurs for fracture 
mechanisms in CPVC. Figures 5.42 (a), 5.42 (b) and 5.42 (c) show the plot of ln aT 
against 1/T at ∆K= 1.0 MPa√m for CPVC at frequencies of 0.1, 1 and 10 Hz, 
respectively. Clearly, there are two straight lines obtained at frequency of 1 Hz with a 
transition around 44o C. Irfan and Merah [53] also reported transition in the range of      
 
132 
 
-3.5
-3
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
2.7 2.9 3.1 3.3 3.5 3.7 3.9
1/T (10-3 K-1)
ln
 a
T
 
Figure 5.42  (a) Plot of ln aT at ∆K=1.0 MPa√m for CPVC at 0.1 Hz. 
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Figure 5.42  (b) Plot of ln aT at ∆K=1.0 MPa√m for CPVC at 1 Hz. 
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Figure 5.42  (c) Plot of lnaT at ∆K=1.0 MPa√m for CPVC at 10 Hz. 
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23 - 50o C for frequency of 1 Hz. The different slopes of these lines indicate two ∆H 
(activation energy) values for two separate cyclic fatigue mechanisms.  
To confirm this prediction fracture surface of the fatigued specimen were 
examined. The details of the fracture surface analysis are discussed in section 5.5. 
5.3.2 Effect of Temperature on FCP rate of HDPE 
The effect of test temperature on fatigue crack growth in HDPE is examined 
assuming principles of linear elastic fracture mechanics. The representative fatigue crack 
propagation data for temperatures -10 and 0o C at frequencies equal to 1 and 10 Hz are 
shown in figures 5.43 – 5.45. 
In figures 5.43 and 5.45, there is data scattering in the initial stages of FCP. This 
data scattering is due to the absence of perfectly sharp notch tip, as the initial notch is 
made manually using a sharp razor blade. The blunted tip acts as an overload and results 
in retarding effect on the FCP. Once the crack grows through the plastic zone created by 
overload resumption of normal crack propagation takes place. 
 The effect of temperature on crack growth rate can be better illustrated by using 
the representative best fit curves on all the test data as shown in figure 5.46 and 5.47. 
These curves can be represented by the following equations: 
(a) HDPE, -10o C-1Hz  17.27 ∆K.00x102
dN
da −=    (5.21) 
(b) HDPE, -10o C-10Hz  2.028∆K.00x102
dN
da −=    (5.22) 
(c) HDPE,    0o C-1Hz   90.17 ∆K.00x103
dN
da −=    (5.23) 
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(d) HDPE, 0o C-10Hz   2.148∆K4.00x10
dN
da −=    (5.24) 
Results obtained illustrate a number of important points. For instance, for a given 
∆K, crack growth rate da/dN increases with increasing temperature. For example, at ∆K = 
1.0 MPa√m and 10 Hz, da/dN  = 2.40x10-8 and 3.861 x 10-8 m/cycle for T = -10 and 0o C, 
respectively. Also, the intercept A of the fatigue curves change with temperature. The 
value of A is 2.22 x10-8 at -10o C and 4.86 x10-8 at –0o C and 10 Hz frequency. The 
average values of m and A at all test temperatures and frequencies for HDPE are given in 
table 5.2. Also, the variation of m and A with temperature for frequency equal to 10Hz is 
shown graphically in figures 5.48 and 5.49 respectively. It has been seen that value of 
slope m of the fatigue curves are constant with variations in the temperature. 
Fatigue crack propagation in HDPE at -10 and 0o C temperatures is characterized 
by phenomenon of crazing. Craze constituted expanded material containing oriented 
fibrils interspersed with small-interconnected voids. The combination of fibrils (extended 
across the craze thickness) and interconnected microvoids contributes toward an overall 
weakening of the material, though the craze is capable of supporting some reduced stress 
relative to that of the uncrazed matrix. The growth of craze occurs by extension of the 
craze tip into uncrazed material. Because of its intrinsic weakness the craze is an ideal 
path for crack propagation. Crack breakdown mechanisms include chain slippage and 
disentanglements, rupture of primary bonds within the molecular entanglements and 
detachment at the craze matrix interface. 
Parsons et al [52] found step-wise crack propagation mechanism in HDPE 
developed due to crazing. Bureau M. and Dickson J. [59] also found fracture of crazes are 
responsible for fatigue crack propagation in these materials. Similarly Bucknall and 
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Table 5.2  Constants m and A for HDPE at temperature in the Paris equation (da/dN in 
m/cycle and ∆K in MPa√m) 
Temperature (oC) Frequency (Hz) Exponent m Parameter A 
1 2.1761 2x10-07 
-10 oC 
10 2.0294 2x10-08 
1 1.9031 3x10-07 
0 oC 
10 2.1470 4x10-08 
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Figure 5.43  da/dN-∆K curve for HDPE at 1 Hz and -10o C. 
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Figure 5.44  da/dN-∆K curve for HDPE at 10 Hz and -10o C. 
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Figure 5.45  da/dN-∆K curve for HDPE at 1 Hz and 0o C. 
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Figure 5.46  Fatigue crack growth rates at different temperatures for HDPE at 1 
Hz frequency. 
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Figure 5.47  Fatigue crack growth rates at different temperatures for HDPE at 10 
Hz frequency. 
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Figure 5.48  Variation of m with temperature for HDPE at 1 Hz frequency. 
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Figure 5.49  Variation of A with temperature for HDPE at 1 Hz frequency. 
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Dumpleton [50] found that crack growth in these HDPE and PMMA is characterized by 
crazing along with some deformation mechanisms such as shear bands, wrest bands etc. 
5.3.3 Effect of Frequency on FCP rate of CPVC 
The effect of test frequency on fatigue crack growth in CPVC is analyzed by 
using the linear elastic fracture mechanics principles. The effect of frequency on crack 
growth rate can be better illustrated by using the representative best fit curves on all the 
test data at each temperature, as shown in figures 5.50 to 5.54. 
It has been noticed that the frequency effect on FCP is lower at lower 
temperatures ranging from no effect at -10o C and 0o C to negligible effect at 23o C. But 
for high temperatures i.e. 50 and 70o C there is considerable effect of frequency on FCP. 
At high temperatures the frequency sensitivity seems to be dependent on the 
frequency level; being higher in the 0.1-1 Hz decade than in 1-10 Hz range. For ∆K = 
2.0MPa√m, the frequency sensitivity factor is about 2.7 in the first and 1.7 in the second. 
The higher difference in FCP between 0.1 and 1 Hz may be attributed to the 
interaction of creep with fatigue at 0.1 Hz. Here the creep mechanism is promoted by low 
frequency, high temperature and high mean stress (R=0.2). Parsons et al. [52] also found 
that at low enough frequency (0.01 Hz), a fatigue test might behave like a creep test 
where fracture is completely controlled by a creep process even though the load is cycled, 
and thus one has to superimpose fatigue and creep components for getting total crack 
growth. 
The results obtained have illustrate a number of important points. First, for a 
given ∆K, crack growth rate da/dN increases with decreasing frequency for higher 
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Figure 5.50  da/dN-∆K curve for CPVC at -10o C.and different frequencies. 
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Figure 5.51  da/dN-∆K curve for CPVC at 0o C.and different frequencies. 
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Figure 5.52  da/dN-∆K curve for CPVC at 23o C.and different frequencies. 
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Figure 5.53  da/dN-∆K curve for CPVC at 50o C.and different frequencies. 
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Figure 5.54  da/dN-∆K curve for CPVC at 70o C.and different frequencies. 
 
 
 
149 
temperatures. For example, at ∆K = 2.0 MPa√m and 70o C, da/dN  = 6.5, 2.97 and  1.57 
x10-5m/cycle for frequency equal to 0.1, 1 and 10 Hz respectively. Also, the intercept A 
of the fatigue curves changes with frequency. The value of A is varies from 1x10-5 at 0.1 
Hz to 5x10-6 at 10 Hz for 70o C. The average values of m and A at all test frequencies for 
CPVC are given in table 5.1. The variation of m and A with frequency at 50o C is shown 
graphically in figures 5.55 and 5.56 respectively. The values of m and A obtained by Kim 
et al [63] for uPVC are also plotted in these figures for comparison. It has been seen that 
value of slope m of the fatigue curves remain practically unaffected by variations in the 
frequency, while A decreases with increasing frequency. A comparison of these 
parameters for PVC and CPVC show that CPVC has lower crack propagation resistance 
for the reasons given earlier. 
The effect of frequency on FCP is linked with the size of the plastic zone size near 
the crack tip, and it’s variation with frequency result in the decrease or increase of FCP. 
Fatigue crack propagation in CPVC at high frequencies is also characterized by the 
localized heating at the crack tip, which causes temperature rise at the tip. In the present 
investigation an attempt was made to quantify the temperature rise at the crack tip for 
room temperature (23o C) using a pair of J type thermocouples. It was found that at a 
frequency of 1 Hz, the temperature rise was about 4.6o C, while for 10 Hz it was about 
10.2o C. This temperature rise enhanced yielding processes in the vicinity of the crack tip 
and lead to an increase in crack tip radius. A larger radius of curvature at the crack tip 
results in lower effective ∆K, and consequently lower fatigue growth rates. 
It should be mentioned however, that this measurement does not represent exactly 
the temperature rise at the crack tip but that of an area around it. The actual temperature 
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Figure 5.55  Variation of m with frequency for CPVC. 
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Figure 5.56  Variation of A with frequency for CPVC. 
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rise may be higher as this heating is known to be confined to the immediate crack tip. It 
nonetheless gives an indication of a temperature increase associated with higher 
frequency. For CPVC this temperature rise was insufficient to make a noticeable 
difference in FCP rate at room temperature , as shown in figure  5.52. The frequency 
sensitivity factor for ∆K= 2.0 MPa√m at room temperature is of the order of 1.2 
compared to 1.7 and 2.7 at 50 and 70o C, respectively. 
Our findings of fracture mechanisms at different frequencies for CPVC are 
similar to that observed by Cheng and manson [60], Kim et al [63]and Allard and others 
[55]. 
5.3.4 Effect of Frequency on FCP rate of HDPE 
The effect of test frequency on fatigue crack growth in HDPE is analyzed by 
using the Paris and Erdogan [75] law given by equation 2.7. The effect of frequency on 
crack growth rate can be better illustrated by using the representative best fit curves on all 
the test data at each frequency, as shown in figure 5.57 and 5.58. 
Results obtained illustrate important points. For example, for a given ∆K, crack 
growth rate da/dN increases drastically with decreasing frequency for temperatures of -
10o C and 0o C, i.e., at ∆K = 1.0 MPa√m and 0o C, da/dN  = 3.45 and 20 x10-8m/cycle for 
frequencies equal to 1 and 10 Hz respectively. Also, the value of  intercept A of the 
fatigue curves changes with frequency, it varies from a value of 2.64x10-7 at 1 Hz to 
2.44x10-8 at 10 Hz for temperature of -10o C. The average values of m and A at all test 
frequencies for HDPE are given in table 5.2. The variation of m and A with frequency at 
0o C is shown graphically in figures 5.59 and 5.60 respectively. It can be seen that the 
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Figure 5.57  da/dN-∆K curve for HDPE at -10o C and different frequencies. 
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Figure 5.58  da/dN-∆K curve for HDPE at 0o C and different frequencies. 
 
 
 
 
154 
1
10
0.1 1 10 100
Frequency (Hz)
Ex
po
ne
nt
 m
HDPE
 
Figure 5.59  Variation of m with frequency for HDPE at 0o C. 
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Figure 5.60  Variation of A with frequency for HDPE at 0o C. 
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frequency affects more intercept A than slope m with the latter remaining atmost equal to 
2.0 for both –10 and 0o C. 
The above results show that there is a considerable effect of frequency on FCP at 
the temperatures of -10o C and 0o C. As seen for CPVC the frequency sensitivity factor 
(FSF) is dependent on temperature being higher at higher temperature; for -10o C at ∆K = 
2.0MPa√m is about 10.0, while for 0o C it is 5. It should be noted that the glass transition 
temperature for HDPE is -30o C and, -10o C and 0o C are considered as high temperatures. 
Fatigue crack propagation in HDPE is characterized by hysteretic heating. Due to 
viscoelastic nature of the material, the cycling frequency is a very critical parameter in 
the resulting FCP rate. High cyclic rates or frequency imposed on the HDPE specimens 
bring heating that could lead to thermal softening fracture. Since we are using notched 
specimens, this heating could be confined to crack tip and result in a blunting of the crack 
tip which reduces both local stress concentration and hence fatigue crack growth. 
Deformation response time is also an important factor linked with fatigue crack 
propagation in HDPE. Frequency-dependent, rate of disentanglement of the molecular 
motions consisting of chain disentanglements and slippage in the fatigued fibrils also 
account for part of the frequency effect on fatigue crack growth. Hence, at high 
frequencies the magnitude of chain entanglements and slippage should be larger over a 
long period of time (frequency), and as a consequence HDPE show smaller FCP rates at 
high frequencies. 
Our findings of fracture mechanisms at different frequencies for HDPE are 
similar to that observed by Cheng and manson [60], Kim et al [63] and Allard and others 
[55]. 
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5.4 Development of da/dN-∆K Master Curve 
From the above discussion it is evident that there is a distinct fatigue crack growth 
curve at each temperature and frequency for CPVC. And for HDPE there is a distinct 
fatigue crack growth curve at -10o C and 0o C corresponding to 1 and 10 Hz frequencies. 
This means that in order to be able to predict fatigue life from the fatigue crack growth 
rate at a temperature other than studied, FCG tests must be conducted. FCP tests are time 
consuming and involve high costs especially at low temperatures. If we could however 
develop a means to predict the FCG properties at the temperature of interest by using the 
existing FCG data, it can be very beneficial for the designer as well as for the industry. 
One good technique to develop the master curve is by using the mechanical 
properties. This technique has been used by Merah et al [79] to represent the crack 
propagation rate at different temperatures in terms of the modified ∆K obtained by using 
the mechanical properties at those temperatures. The authors [79] have applied this 
method successfully for metallic materials and was later proven to be valid for rigid 
plastics [53]. In this study, the applicability of this method to CPVC and HDPE is 
investigated for different frequencies. The impetus behind this investigation stems from 
the dependence of yield strength on temperature as can be seen in figures 4.1, 4.2, 4.3, 
4.4, 4.5 and 4.6. This method uses the dependence of CTOD on the yield stress i.e., 
E
KCTOD
YS
I
σ
2
=      (5.25) 
From above higher temperatures will result in lower yield stress which causes a 
higher crack tip opening displacements (CTOD) and hence in lower effective ∆K. The 
influence of the yield stress on FCG in CPVC and HDPE is examined. In order to 
 
157 
determine the effect of yield stress, da/dN is plotted in terms of the modified stress 
intensity factor, given as follows: 
Tys
RTys
y )(σ
)(σ
∆K∆K =      (5.26) 
The indices RT and T indicate the value of the parameter at room temperature and 
the temperature of interest respectively. The values of σys for CPVC at all temperatures of 
interest are taken from Merah and Irfan [19] (Table 4.1). Figures 5.61, 5.62, 5.63, 5.64 
and 5.65 show the da/dN-∆K master curves of CPVC and HDPE for frequencies of 0.1, 1 
10 Hz. The master curves obtained from ∆Ky can be represented by the following 
equations: 
(a) CPVC, 0.1 Hz 
2.0
y
6∆K.00x102
dN
da −=     (5.27) 
(b) CPVC, 1 Hz 
2.6
y
7 ∆K.00x108
dN
da −=     (5.28) 
(c) CPVC, 10 Hz 
2.4
y
6∆K.00x107
dN
da −=     (5.29) 
(d) HDPE, 1Hz 
1.98
y
7 ∆K.46x102
dN
da −=     (5.30) 
(e)HDPE, 10 Hz 
2.15
y
8∆K3.75x10
dN
da −=     (5.31) 
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Figure 5.61  Crack propagation in CPVC at different temperatures for 0.1 Hz 
frequency expressed in terms of modified ∆Ky. 
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Figure 5.62  Crack propagation in CPVC at different temperatures for 1 Hz 
frequency expressed in terms of modified ∆Ky. 
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Figure 5.63  Crack propagation in CPVC at different temperatures for 10 Hz 
frequency expressed in terms of modified ∆Ky. 
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Figure 5.64  Crack propagation in HDPE at different temperatures for 1 Hz 
frequency expressed in terms of modified ∆Ky. 
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Figure 5.65  Crack propagation in HDPE at different temperatures for 10 Hz 
frequency expressed in terms of modified ∆Ky. 
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It can be seen that yield stress incorporates the effect of temperature very 
efficiently. The da/dN-∆Ky curves for all temperatures of interest lie within a factor of 1.5 
from the room temperature curve (except for 0.1 Hz). This may be attributed to the 
interaction of creep with fatigue at 0.1 Hz. Creep mechanism is promoted by low 
frequency, high temperature and high mean stress (R=0.2). Thus one has to superimpose 
fatigue and creep components for getting total crack growth. 
5.5 Fractographic Analysis 
Most polymers like metals yield at sufficiently high stresses. While metals yield 
by dislocation motion along slip planes, polymers can exhibit either crazing or shear 
yielding as they do not contain crystallographic planes, dislocations and grain boundaries. 
Crazing is a highly localized deformation that leads to cavitation (voids 
formation) and strains on the order of 100% [76, 77]. On the macroscopic level, crazing 
appears  as a stress-whitened region, due to low refractive index. The craze zone usually 
forms perpendicular to the maximum principal normal stress. To quote Kambour [78], 
“Optimists concentrate on plastic deformation in crazes as a source of toughness or stress 
relief on polymers, while pessimists focus on crazing as the beginning of brittle fracture. 
Shear yielding in polymers resembles plastic flow in metals, at least from a 
continuum mechanics viewpoint. Molecules slide with respect to one another when 
subjected to a critical shear stress. Crazing and shear yielding are competing 
mechanisms; the dominant yielding behavior depends on molecular structure, stress state 
and temperature. Each yielding mechanism displays a different temperature dependence; 
thus the dominant mechanism may change with temperature. 
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It is well established that careful examination of fine scale fracture surface details 
can provide significant information regarding various fracture processes and phenomena 
in solids. On the basis of these enlightening information, material and design engineers 
are better able to improve overall component design through changes in composition and 
internal microstructure of material. In addition, fractographic investigations often provide 
useful quantitative information that can be used to analyze the continuum details of 
fracture processes. 
Many distinct fracture surface markings are readily apparent from a macroscopic 
examination of a component that has been subjected to repeated loadings. First, the 
fatigue fracture surface is oriented perpendicular to the principal stress direction. 
Secondly, useful information regarding fatigue process can be obtained by noting 
changes in the color and texture of polymer fatigue fracture surface. As discussed earlier, 
the dominant fracture mechanism at high temperature is found to be crazing characterized 
by rough fatigue fracture surfaces. It has been noticed in present study that transition 
from craze to shear yielding fracture mechanism is dependent upon temperature only and 
is independent of  frequency. Doll [80] found the similar transitional behavior for 
PMMA. 
In order to investigate these mechanisms in CPVC and HDPE, samples from 
fracture surfaces were prepared and analyze using Joel JSM scanning electron 
microscope. Figures 5.66-5.72 show the macrofractographs (magnification = 5x) of  
CPVC and HDPE tested at different frequencies and temperatures. For CPVC it is 
observed that the fatigue surface of specimens tested at higher temperatures is rough as 
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(a) 0.1 Hz 
 
 
(b) 1 Hz 
 
 
(c ) 10 Hz 
 
Figure 5.66  Macrofractographs of CPVC samples at -10o C for different 
frequencies. 
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(a) 0.1 Hz 
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Figure 5.67  Macrofractographs of CPVC samples at 0o C for different 
frequencies. 
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(a) 0.1 Hz 
 
 
(b) 1 Hz 
 
 
(c) 10 Hz 
Figure 5.68  Macrofractographs of CPVC samples at 23o C for different 
frequencies. 
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(a) 0.1 Hz 
 
 
(b) 1 Hz 
 
 
(c) 10 Hz 
 
Figure 5.69  Macrofractographs of CPVC samples at 50o C for different 
frequencies. 
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(a) 0.1 Hz 
 
 
(b) 1 Hz 
 
 
(c ) 10 Hz 
 
Figure 5.70  Macrofractographs of CPVC samples at 70o C for different 
frequencies. 
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(a) 1 Hz 
 
 
(b) 10 Hz 
 
Figure 5.71  Macrofractographs of HDPE at different frequencies for -10o C 
temperature. 
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(a) 1 Hz 
 
(b) 10 Hz 
 
Figure 5.72  Macrofractographs of HDPE at different frequencies for 0o C 
temperature. 
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compared to those tested at low temperatures. The reason for rough surfaces at 50 and 70o 
C is the presence of larger plastic zones. 
SEM fractographs at 100x magnification were taken of CPVC and HDPE 
specimens at different frequencies and temperatures, at ∆K = 1.0-1.50 MPa√m to see if 
the above hypothesis is also valid at the micro level. These fractographs are shown in 
figures 5.73-5.91. It is evident that the fatigue surface at high temperatures is rougher 
than that at low temperatures. At low temperatures the dominant fatigue mechanism 
operative is shear yielding. Kim et al [63] and Irfan and Merah [53] have also given 
similar hypothesis for their fracture surface analysis on uPVC and CPVC respectively. 
Fatigue striations are markings corresponding to the successive positions of the 
advancing crack front as a result of individual load excursions; hence the spacing 
between each line represents the incremental crack advance during one load excursion. 
No striations were found on the fatigued surface of any of the specimens even at 1000x 
magnification. However evidence for discontinuous crack growth (DCG) bands has been 
found(figure 5.67, 5.68 and 5.69). The presence of DCG bands reflects that crack 
increments are associated with a large number of loading cycles, usually of the order of 
hundreds of cycles. The width of the DCG bands increases with crack growth. No DCG 
bands were observed in HDPE specimens. 
DCG’s existence found to be affected by both temperature and frequency. They 
are present at low frequencies of 0.1 and 1 Hz corresponding to temperatures 0, 23, 50 
and 70o C (figure 5.67, 5.68 and 5.69). Similar findings were reported by Hertzberg [7] 
for PVC, where the only mode of fracture at room temperature was observed to be the 
formation of DCG bands. The existence of DG bands is explained by Doll [80] in terms  
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Figure 5.73  SEM fractograph of CPVC at -10o C and 0.1 Hz, ∆K = 1.0 MPa√m 
(Magnification = 100x) 
 
 
Figure 5.74  SEM fractograph of CPVC at -10o C and 1 Hz, ∆K = 1.0 MPa√m 
(Magnification = 100x) 
 
174 
 
 
Figure 5.75  SEM fractograph of CPVC at -10o Cand 10 Hz, ∆K = 1.0 MPa√m 
(Magnification = 100x) 
 
 
Figure 5.76  SEM fractograph of CPVC at 0o C and 0.1 Hz, ∆K = 1.0 MPa√m 
(Magnification = 100x) 
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Figure 5.77  SEM fractograph of CPVC at 0o C and 1 Hz, ∆K = 1.0 MPa√m 
(Magnification = 100x) 
 
 
Figure 5.78  SEM fractograph of CPVC at 0o C and 10 Hz, ∆K = 1.0 MPa√m 
(Magnification = 100x) 
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Figure 5.79  SEM fractograph of CPVC at 23o C and 0.1 Hz, ∆K = 1.0 MPa√m 
(Magnification = 100x) 
 
 
Figure 5.80  SEM fractograph of CPVC at 23o C and 1 Hz, ∆K = 1.0 MPa√m 
(Magnification = 100x) 
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Figure 5.81  SEM fractograph of CPVC at 23o C and 10 Hz, ∆K = 1.0 MPa√m 
(Magnification = 100x) 
 
 
Figure 5.82  SEM fractograph of CPVC at 50o C and 0.1 Hz, ∆K = 1.0 MPa√m 
(Magnification = 100x) 
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Figure 5.83  SEM fractograph of CPVC at 50o C and 1 Hz, ∆K = 1.0 MPa√m 
(Magnification = 100x) 
 
 
Figure 5.84  SEM fractograph of CPVC at 50o C and 10 Hz, ∆K = 1.0 MPa√m 
(Magnification = 100x) 
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Figure 5.85  SEM fractograph of CPVC at 70o C and 0.1 Hz, ∆K = 1.0 MPa√m 
(Magnification = 100x) 
 
 
Figure 5.86  SEM fractograph of CPVC at 70o C and 1 Hz, ∆K = 1.0 MPa√m 
(Magnification = 100x) 
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Figure 5.87  SEM fractograph of CPVC at 70o C and 10 Hz, ∆K = 1.0 MPa√m 
(Magnification = 100x) 
 
 
Figure 5.88  SEM fractograph of HDPE at –10o C and 1 Hz, ∆K = 1.0 MPa√m 
(Magnification = 100x) 
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Figure 5.89  SEM fractograph of HDPE at -10o C and 10 Hz, ∆K = 1.0 MPa√m 
(Magnification = 100x) 
 
Figure 5.90  SEM fractograph of HDPE at 0o C and 1 Hz, ∆K = 1.0 MPa√m 
(Magnification = 100x) 
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Figure 5.91  SEM fractograph of HDPE at 0o C and 10 Hz, ∆K = 1.0 MPa√m 
(Magnification = 100x) 
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of the fibrils of craze that he called “the process of fibril coalescence”. This fundamental 
process gives rise to the DG growth, and growth of “superfibrils” (due to coalescence) 
would only occur if the time involved in crack growth was sufficiently high. The present 
findings of DG bands at lower frequencies is in agreement with this conclusion. Also, the 
finding of DG bands at high temperatures is also due to the “process of fibril 
coalescence” as it will be easier if the temperature is sufficiently high. No DCG bands 
were observed in HDPE specimens. 
When the craze fractures, the crack jumps a distance equal to the craze length. 
Therefore the step length corresponds to the craze length, and the Dugdale model [21] 
can be the basis for analyzing the fracture surface. From the fracture surfaces in figures 
5.67, 5.68 and figure 5.69, it was observed that the step length increased with increasing 
crack length (i.e. increasing stress intensity factor). According to Dugdale model [21] the 
increase in the step length was linear with respect to the square of the stress intensity 
factor (equation 2.14). From the results of monotonic tests we know that yield stress 
decreases with increase in temperature. From Dugdale model [21] and figures 5.67-5.69, 
it can be seen that decreasing yield stress with increasing temperature should result in a 
longer craze and corresponding larger step length. 
The discontinuous crack growth process in CPVC at 70o C is shown schematically 
in figure 5.92 [53]. The band life N* is the number of cycles for craze formation and 
growth. The craze zone grows continuously with load cycling, though characterized by a 
decreasing rate with increasing craze length. When some critical condition is satisfied, 
the crack suddenly strikes through the entire craze before arresting at the craze tip. The 
craze grows to about 80% of its final equilibrium length within the first 15-20% (equal to  
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New crack tip N* = 250-300 cycles
Stretch zone 
Craze N* = 50-60 cycles
Crack tip N* = 0 cycles 
Craze 
 
Figure 5.92  Continuous craze growth and discontinuous crack growth model for 
CPVC at 70o C [53]. 
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about 50-60 cycles) of the band’s cyclic life. The equilibrium length is the length where 
craze does not grow any further but thickens. Gradual thickening of the craze occurs 
under cyclic loading conditions as the most highly stressed fibrils disentangle and 
fracture. Little growth then occurs for a substantial portion of the total craze life. Finally, 
the remaining 15-20% of craze growth occurs during the last 10% of the band’s cyclic 
life. 
 
 
  
CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
In this work the effect of frequency on fatigue crack growth properties of CPVC 
and HDPE was studied at different temperatures. Fatigue crack growth tests were carried 
out at–10, 0, 23, 50 and 70o C and frequencies equal to 0.1,1 and 10 Hz on CPVC plate 
specimens prepared from injection molded couplings. Single edge specimens were 
prepared from HDPE pipes and FCG tests were performed at –10 and 0o C at 0.1, 1 and 
10 Hz. Monotonic tests are also performed on HDPE at temperatures –10, 0, 23 and 50o 
C. 
The following conclusions are obtained from the monotonic tests of HDPE. 
• The yield stress and elastic modulus decrease linearly with increase in 
temperature. 
• Yield strain for HDPE remains fairly constant for the temperature range studied. 
• The Considerable necking is realized at all temperatures for HDPE. 
• Load elongation curves for HDPE show yield behavior at all temperatures. 
The fatigue crack growth in CPVC and HDPE is analyzed by considering the range of 
stress intensity factor obtained from linear elastic fracture mechanics concepts. Single 
edge notch tensile specimens were used. The following conclusions are drawn. 
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• The crack propagation fatigue lives of both CPVC and HDPE specimens 
decreased drastically with increase in temperature.  
• The fatigue crack growth rate for both CPVC and HDPE increased with increase 
in temperature; crack propagation resistance reduced with temperature increase. The 
reduction in fatigue crack resistance is due to the loss of strength in the material. At 
high temperatures the disentanglement of the molecular chains becomes easier due to 
the temperature induced molecular vibrations. Whereas at low temperatures the 
chains are tightly packed and strongly held so it takes a larger number of cycles to 
disentangle them. 
• The fatigue crack growth rate for CPVC and HDPE increased with decrease in 
frequency; crack propagation resistance reduced with frequency decrease. The effect 
of frequency on FCP is linked with the size of the plastic zone size near the crack tip, 
and it’s variation with frequency result in the decrease or increase of FCP. Fatigue 
crack propagation in CPVC at high frequencies is also characterized by the localized 
heating at the crack tip, which causes temperature rise at the tip. 
• The exponent m in the paris power law is found to be constant with temperature, 
while A increases linearly with increase in temperature, for both CPVC as well as 
HDPE.  
• The exponent m in the paris power law is found to be constant with frequency, 
while A increases linearly with decrease in frequency, for both CPVC as well as 
HDPE.  
• The effect of temperature on da/dN for CPVC and HDPE at different frequencies 
is investigated by considering the variation of mechanical properties with 
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temperature. As higher temperatures will result in lower yield stress which causes a 
higher crack tip opening displacements (CTOD) and hence in lower effective ∆K. A 
master curve was developed by using yield stress. All the da/dN-∆K curves at 
different temperatures were collapsed on a single curve for a given frequency.  
• For CPVC two different fatigue mechanisms were found to be operative in 
different temperature ranges. At high temperature (23 to 70o C) crazing was found to 
be the dominant fatigue mechanism while at low temperature (-10 to 0o C) shear 
yielding was the dominant fatigue mechanism. The transition from one mechanism 
to the other occurred around 44o C. The results were supported by fractographic 
analysis. 
6.2 Recommendations 
Following are some of the recommendations for any future work to be carried out 
on CPVC and HDPE: 
• At low frequencies it is possible that creep contributes to crack propagation. So 
creep effect should be considered. Other parameters such as Jc (Creep J integral) 
should be considered . 
• Crack tip opening displacement may also be considered. 
• Instead of optical technique used for measuring crack some other technique 
which is accurate and less time consuming should be adopted like compliance or 
cathetometer or conductive surface grid printed on specimen surface method. 
• Due to increase in the frequency there is an increase in the temperature at the 
crack tip. This crack tip temperature characteristics may be investigated. 
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• Fracture toughness is an important material property. The effect of temperature 
on the fracture toughness can be investigated to explain some of the mechanisms 
observed here. 
• Effect of stress ratio and mean stress on fatigue crack growth can be investigated. 
• At high temperatures the plastic zones size are considerably large so the LEFM 
does not remain valid, so elastic plastic fracture mechanics concepts can be used to 
study crack growth. 
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